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ABSTRACT 
 
A number of bacterial small RNAs (sRNAs) act as global regulators of stress 
responses by controlling expression of multiple genes. The sRNA SgrS is expressed 
in response to glucose-phosphate stress, a condition associated with disruption of 
glycolytic flux and accumulation of sugar-phosphates. SgrS has been shown to 
stimulate degradation of the ptsG mRNA, encoding the major glucose transporter. 
This study demonstrates that SgrS regulates the genes encoding the mannose and 
secondary glucose transporter, manXYZ. Analysis of manXYZ mRNA stability and 
translation in the presence and absence of SgrS indicate that manXYZ is regulated by 
SgrS under stress conditions and when SgrS is ectopically expressed. In vitro 
footprinting and in vivo mutational analyses showed that SgrS base pairs with 
manXYZ within the manX coding sequence to prevent manX translation. Regulation 
of manX did not require the RNase E degradosome complex, suggesting that the 
primary mechanism of regulation is translational. An Escherichia coli ptsG mutant 
strain that is manXYZ(+) experiences stress when exposed to the glucose analogs α-
methyl glucoside or 2-deoxyglucose. A ptsG manXYZ double mutant is resistant to 
the stress, indicating that PTS transporters encoded by both SgrS targets are 
involved in taking up substrates that cause stress. We further demonstrate that SgrS 
binds to two sites on the manXYZ mRNA to coordinately down-regulate translation 
of all the cistrons, a mechanism reminiscent of that used by the eukaryotic miRNA, 
lin-4 for regulation of the lin-14 mRNA. We tested the hypothesis that regulation of 
manY and manZ is dependent on SgrS:manX base pairing and subsequent manXYZ 
mRNA degradation. Contrary to the hypothesis, we show that SgrS repression of 
 iii 
manY and manZ translation can be decoupled from SgrS-dependent manXYZ mRNA 
degradation. Furthermore, SgrS regulates manY translation by a mechanism that is 
independent of SgrS:manX mRNA interactions. Instead, translational regulation of 
manY depends on SgrS pairing with sequences in the manX-manY intergenic region, 
upstream of the manY ribosome binding site. Mutational analysis suggests that 
while the SgrS-manY interaction is sufficient to stimulate some degradation of the 
manXYZ mRNA, pairing with both sites is required for maximal degradation of the 
manXYZ mRNA. Additional SgrS candidate-mRNA targets are also investigated.  
 iv 
ACKNOWLEDGEMENTS 
 
I’d like to thank my advisor, Dr. Cari Vanderpool, for taking a chance on a 
fourth rotation student. I am truly grateful for the training, guidance, and 
overwhelming support I received during my time in her lab. I’d also like to thank her 
for fostering a fun, educational, and open atmosphere. I’d like to thank every single 
member of the Vanderpool Lab, past and present, who contributed to the fabulous, 
clown-rich environment. I’d like to extend many thanks to my committee members, 
Dr. Charles Miller, Dr. Stephen Farrand, Dr. John Cronan, and Dr. Jim Slauch for their 
very thoughtful and useful suggestions, and comments on my project. I’d also like to 
thank the Department of Microbiology - a collaborative, positive, and inviting 
atmosphere that heavily contributed to my graduate training.  I’d like to extend a 
thank you to my high school biology teacher, Chris Luther, for evoking my passion 
for biology and showing me how fun this subject could be. I thank my dad, Bill Han, 
for sparking my scientific curiosity and being committed to my education and future 
endeavors. I’d like to thank my mom, Bonnie Han, for her unwavering support and 
trust in the choices I have made. I thank my second parents, Tom and Linda Rice for 
providing me the same support and encouragement they provide their very own 
children. Lastly, I would like to thank my husband, Grant Rice, for taking this 
journey with me. I am extremely grateful that we could be there for each other 
during our undergraduate and graduate studies. Most of all, I thank him for 
believing I had the ability to pass Organic Chemistry, get into a Ph.D. program and 
spend as many hours at the bench as he could :).  
 v 
TABLE OF CONTENTS 
 
CHAPTER 1: Introduction .................................................................................................................... 1 
1.1.  Escherichia coli ............................................................................................................................... 1  
1.1.1.  History and background ........................................................................................... 1  
1.1.2.  Genome ............................................................................................................................ 2  
1.1.3.  Model organism ............................................................................................................ 2  
1.2.  Cellular roles of RNA .................................................................................................................... 3  
1.2.1.  History of regulatory RNAs ...................................................................................... 3  
1.2.2.  Eukaryotic regulatory RNAs .................................................................................... 4  
1.2.3.  Bacterial regulatory RNAs ........................................................................................ 6   
1.3.  Characteristics of trans-encoded sRNAs in bacteria ........................................................ 9  
1.3.1.  Proteins involved in sRNA-dependent regulation ........................................10  
1.3.1.1.  Hfq .................................................................................................................10  
1.3.1.2.  RNase E and the degradosome ...........................................................11  
1.3.2.  Mechanisms of positive regulation .....................................................................12  
1.3.3.  Mechanisms of negative regulation ....................................................................13  
1.4.  The carbohydrate phosphoenolypyruvate phosphotransferase 
system .......................................................................................................................................................15  
1.4.1.  Example transporters ..............................................................................................17  
1.4.1.1.  Crr (EIIAGlc) and PtsG (EIICBGlc) .........................................................17  
1.4.1.2.  ManXYZ (EIIABMan, EIICDMan) ..............................................................18  
1.5.  The sugar-phosphate stress response.................................................................................19  
1.5.1.  Glucose-phosphate stress.......................................................................................19  
1.5.2.  SgrS .................................................................................................................................20  
1.5.3.  SgrR .................................................................................................................................22  
1.5.4.  SgrT .................................................................................................................................24  
1.6.  sRNAs in pathogenesis ..............................................................................................................25  
1.7.  Aim of this study ..........................................................................................................................26  
 
CHAPTER 2: Materials and methods .............................................................................................28 
2.1.  Strain and plasmid construction ...........................................................................................28 
2.2.  Media and reagents.....................................................................................................................41 
2.3.  β-galactosidase assays ...............................................................................................................41 
2.4.  RNA extraction and northern blot analysis .......................................................................42 
2.5.  5 RACE ............................................................................................................................................42 
2.6.  SgrS random mutagenesis .......................................................................................................42 
2.7.  In vitro RNA footprinting ..........................................................................................................43 
2.8.  RNA structure analysis ..............................................................................................................43 
 vi 
CHAPTER 3: The small RNA SgrS controls sugar-phosphate accumulation 
by regulating multiple PTS genes ...................................................................................................44 
3.1.  Introduction...................................................................................................................................44   
3.2.  Results .............................................................................................................................................45  
3.2.1.  manXYZ is post-transcriptionally regulated by SgrS ...................................45  
3.2.2.  SgrS stimulates degradation of manXYZ mRNA .............................................49  
3.2.3.  Biochemical demonstration that SgrS base pairs with 
target mRNAs ...........................................................................................................................53 
3.2.4.  Genetic demonstration of SgrS base pairing with manX 
mRNA ..........................................................................................................................................58 
3.2.5. Degradation of manXYZ is not required for SgrS 
regulation of manX translation .........................................................................................64 
3.2.6.  The weak start codon of manX does not influence SgrS 
regulation ..................................................................................................................................67 
3.2.7.  ManXYZ proteins transport stress-inducing sugar analogs ......................68 
3.2.8. The SgrS regulon does not appear to be fully conserved 
among different organisms.................................................................................................72  
3.3. Discussion........................................................................................................................................75  
 
CHAPTER 4: A bacterial small RNA binds twice to a polycistronic mRNA 
to cooperatively regulate translation ...........................................................................................80 
4.1.  Introduction...................................................................................................................................80  
4.2.  Results .............................................................................................................................................81  
4.2.1.  SgrS regulates manY and manZ translation in the absence 
of manXYZ mRNA degradation ..........................................................................................81  
4.2.2.  SgrS regulation of manY and manZ is independent of manX 
 regulation .................................................................................................................................85  
4.2.3.  Characterization of manXYZ processing ...........................................................86 
4.2.4.  Defining the region required for SgrS-dependent manY 
regulation ..................................................................................................................................89 
4.2.5.  SgrS base pairs with sequences in the manX-manY 
intergenic region to regulate manY translation ..........................................................91 
4.2.6.  SgrS-manZ translational regulation is dependent on 
manY translation.....................................................................................................................93 
4.2.7.  The SgrS-manY interaction is sufficient to recruit the 
degradosome to manXYZ .....................................................................................................95 
4.3.  Discussion ......................................................................................................................................96 
 
 
 
 vii 
CHAPTER 5: Identifying other members of the SgrS regulon .......................................... 103 
5.1.  Introduction................................................................................................................................ 103   
5.2.  Results .......................................................................................................................................... 104  
5.2.1.  Identification of SgrS regulon candidates ..................................................... 104  
5.2.2.  cusF, flu and zraP are not direct targets of SgrS ......................................... 105  
5.2.3.  SgrS post-transcriptionally regulates adiY ................................................... 107 
5.2.4.  SgrS post-transcriptionally regulates asd ..................................................... 112 
5.3. Discussion..................................................................................................................................... 115  
 
CHAPTER 6: Conclusions and future directions .................................................................... 116 
 
APPENDIX ............................................................................................................................................. 120 
 
REFERENCES ....................................................................................................................................... 123  
 
 
	   1	  
CHAPTER	  1	  
Introduction	  
	  
1.1.	  	  Escherichia	  coli	  
Escherichia	  coli	  is	  the	  most	  extensively	  studied	  organism	  to-­‐date.	  Our	  understanding	  of	  bacterial	  structure,	  metabolism	  and	  genetics	  is	  largely	  due	  to	  all-­‐encompassing	  studies	  of	  this	  unicellular	  life	  form.	  In	  addition	  to	  elucidating	  a	  wealth	  of	  basic	  information	  about	  cells	  and	  cellular	  function,	  E.	  coli	  has	  also	  played	  founding	  and	  ongoing	  roles	  in	  the	  field	  of	  biotechnology.	  	   	  1.1.1.	  	  History	  and	  background	  
E.	  coli	  was	  first	  isolated	  in	  1884	  by	  Theodor	  Escherich.	  E.	  coli	  is	  a	  gram-­‐negative	  facultative	  anaerobe	  from	  the	  family	  Enterobacteriaceae	  .	  It	  is	  rod-­‐shaped	  and	  non-­‐sporulating	  and	  is	  commonly	  found	  in	  the	  gut	  of	  mammals	  (1),	  with	  	  E.	  coli	  alone	  totaling	  0.1%	  of	  the	  entire	  human	  gut	  microbiota	  (33).	  While	  the	  majority	  of	  E.	  
coli	  strains	  are	  non-­‐pathogenic,	  some	  strains	  cause	  human	  and	  animal	  infectious	  diseases	  such	  as	  gastroenteritis,	  urinary	  tract	  infections,	  and	  neonatal	  meningitis.	  E.	  
coli	  can	  also	  be	  found	  in	  water	  and	  soil	  where	  it	  is	  thought	  to	  arise	  from	  the	  fecal	  matter	  of	  humans	  and	  other	  mammals.	  As	  a	  result,	  the	  amount	  of	  E.	  coli	  present	  in	  water	  is	  used	  as	  a	  measure	  of	  fecal	  contamination	  (1).	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1.1.2.	  	  Genome	  Completed	  in	  1997,	  the	  genome	  of	  the	  laboratory	  strain	  E.	  coli	  K-­‐12	  was	  one	  of	  the	  first	  to	  be	  sequenced	  (12).	  E.	  coli	  K-­‐12	  MG1655	  has	  a	  circular	  chromosome	  of	  4.6	  million	  base	  pairs.	  This	  includes	  4288	  annotated	  protein-­‐coding	  genes,	  seven	  ribosomal	  RNA	  (rRNA)	  operons,	  and	  86	  transfer	  RNA	  (tRNA)	  genes.	  The	  genome	  contains	  a	  significant	  number	  of	  transposable	  genetic	  elements,	  repeat	  elements,	  cryptic	  prophages,	  and	  bacteriophage	  remnants	  (12).	  Now,	  more	  than	  60	  strains	  of	  
E.	  coli	  have	  been	  sequenced	  and	  comparative	  genomics	  has	  revealed	  that	  these	  strains	  possess	  a	  large	  amount	  of	  genetic	  diversity.	  For	  example,	  only	  20%	  of	  the	  genes	  are	  present	  in	  every	  isolate	  (76).	  	  	  1.1.3.	  	  Model	  organism	  	  
E.	  coli	  K-­‐12	  grows	  easily	  and	  quickly	  under	  a	  variety	  of	  laboratory	  conditions,	  making	  it	  an	  ideal	  model	  organism.	  Studies	  in	  E.	  coli	  have	  lead	  to	  the	  basic	  understanding	  of	  genes,	  gene	  organization	  (7)	  and	  gene	  regulation	  (56),	  as	  well	  as	  discoveries	  of	  bacterial	  conjugation	  (65)	  and	  bacteriophage	  mechanisms	  of	  infection	  (32).	  Furthermore,	  it	  has	  proven	  to	  be	  a	  useful	  tool	  for	  studying	  long-­‐term	  evolution	  (13)	  and	  developing	  recombinant	  DNA	  technology	  (124).	  	  In	  the	  1970s	  Stanley	  Cohen	  and	  Herbert	  Boyer	  demonstrated	  that	  by	  using	  restriction	  enzymes	  and	  plasmids,	  E.	  coli	  could	  be	  used	  to	  express	  recombinant	  DNA	  (26).	  Not	  long	  after,	  E.	  coli	  was	  used	  to	  produce	  human	  insulin	  and	  growth	  hormone,	  demonstrating	  how	  the	  well-­‐established	  genetics	  of	  this	  model	  organism	  have	  given	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birth	  to	  genetic	  engineering	  (124).	  Although	  E.	  coli	  is	  a	  simple	  bacterium,	  its	  role	  in	  improving	  human	  health	  cannot	  be	  ignored.	  	  
	  
1.2.	  	  Cellular	  roles	  of	  RNA	  For	  a	  number	  of	  decades	  it	  was	  understood	  that	  the	  role	  of	  RNA	  in	  the	  central	  dogma	  of	  DNAàRNAàprotein	  was	  relegated	  to	  that	  of	  relaying	  the	  message	  encoded	  by	  the	  genome	  to	  result	  in	  the	  functional	  genomic	  “product,”	  protein.	  In	  the	  last	  few	  decades	  we	  have	  come	  to	  learn	  that	  RNA	  is	  not	  simply	  a	  message,	  but	  also	  plays	  important	  enzymatic,	  structural	  and	  regulatory	  roles	  in	  a	  variety	  of	  cellular	  functions	  ranging	  from	  metabolism	  and	  homeostasis	  to	  development	  in	  all	  domains	  of	  life.	  For	  the	  purposes	  of	  this	  study,	  we	  focus	  on	  the	  regulatory	  roles	  of	  RNA.	  
	  1.2.1.	  	  History	  of	  regulatory	  RNAs	  The	  function	  of	  the	  first	  regulatory	  RNA	  was	  defined	  in	  1981	  when	  Tomizawa	  and	  colleagues	  identified	  an	  RNA	  element	  in	  E.	  coli,	  RNA	  I,	  that	  blocked	  replication	  of	  the	  ColE1	  plasmid	  by	  base	  pairing	  to	  an	  RNA	  to	  block	  function	  of	  the	  ColE1	  replication	  primer	  (138).	  Three	  years	  later,	  in	  1984,	  a	  chromosomally-­‐encoded	  RNA	  named	  MicF	  was	  shown	  to	  inhibit	  translation	  of	  ompF	  mRNA	  encoding	  the	  major	  outer	  membrane	  porin	  OmpF	  in	  E.	  coli	  (27).	  	  Around	  this	  time,	  Izant	  and	  Weintraub	  presented	  evidence	  that	  expression	  of	  antisense	  RNA	  could	  inhibit	  gene	  expression	  in	  mammals	  (55).	  	  Throughout	  the	  late	  1980s	  and	  early	  1990s,	  antisense	  RNA	  expression	  was	  commonly	  used	  to	  suppress	  gene	  expression	  in	  various	  eukaryotic	  systems.	  	  Lee,	  et	  al.,	  identified	  the	  first	  chromosomally-­‐encoded	  small	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RNA,	  subsequently	  dubbed	  “microRNA,”	  in	  a	  eukaryotic	  organism,	  Lin-­‐4	  in	  
Caenorhabditis	  elegans,	  which	  had	  sequence	  complementarity	  to	  the	  3'	  UTR	  of	  lin-­‐14	  mRNA	  (67).	  	  Soon	  after,	  it	  was	  discovered	  that	  the	  translational	  repression	  of	  lin-­‐14	  mRNA	  by	  Lin-­‐4	  occurred	  post-­‐transcriptionally	  (153).	  Concurrently	  with	  the	  discovery	  of	  the	  second	  microRNA	  in	  C.	  elegans,	  Lin-­‐7,	  Fire	  and	  Mello	  discovered	  that	  double-­‐stranded	  RNA	  was	  more	  efficient	  than	  single-­‐stranded	  antisense	  RNA	  at	  suppressing	  gene	  expression	  in	  C.	  elegans	  (39).	  	  They	  coined	  the	  term	  “RNA	  interference”	  or	  RNAi	  to	  describe	  this	  phenomenon,	  and	  were	  awarded	  the	  Nobel	  Prize	  in	  Physiology	  and	  Medicine	  in	  2006	  for	  their	  discovery.	  Today,	  it	  is	  clear	  that	  small	  RNA	  regulators	  are	  ubiquitous.	  	  	   	  1.2.2.	  	  Eukaryotic	  regulatory	  RNAs	  To-­‐date,	  two	  major	  classes	  of	  regulatory	  RNAs	  have	  been	  identified	  in	  eukaryotes:	  microRNAs	  (miRNAs)	  and	  small	  interfering	  RNAs	  (siRNAs).	  	  The	  two	  types	  of	  regulatory	  RNAs	  share	  many	  functional	  similarities	  but	  differ	  in	  their	  origins	  and	  mechanisms	  of	  biogenesis.	  	  
	  
microRNAs	  miRNAs	  are	  transcribed	  into	  long	  primary	  transcripts	  (pri-­‐mRNAs)	  that	  are	  processed	  by	  the	  RNase	  III-­‐like	  ds-­‐RNA	  endonucleases	  Drosha	  and	  Dicer.	  	  Drosha	  processing	  occurs	  in	  the	  nucleus	  and	  gives	  rise	  to	  ~70nt-­‐long	  pre-­‐miRNAs	  that	  exist	  in	  imperfect	  stem-­‐loop	  structures	  (69).	  	  The	  pre-­‐miRNA	  is	  exported	  from	  the	  nucleus	  to	  the	  cytosol	  where	  the	  precursors	  are	  cleaved	  into	  21-­‐25nt-­‐long	  
	   5	  
miRNA:miRNA	  duplexes	  by	  Dicer	  (54,	  69,	  70).	  	  A	  single	  strand	  from	  the	  miRNA:miRNA	  duplex	  associates	  with	  a	  collection	  of	  proteins	  referred	  to	  as	  the	  RNA-­‐induced	  silencing	  complex	  (RISC)	  (23,	  46).	  	  The	  miRNA:RISC	  complex	  then	  carries	  out	  translational	  repression	  or	  RNA	  cleavage	  on	  target	  mRNAs	  by	  base	  pairing	  with	  imperfect	  complementarity	  to	  multiple	  sites	  within	  the	  3'	  untranslated	  regions	  (UTRs)	  of	  target	  mRNAs	  (48).	  	  For	  miRNAs	  that	  target	  3'	  UTRs,	  the	  mechanism	  of	  translational	  repression	  is	  believed	  to	  occur	  at	  a	  post-­‐initiation	  step,	  likely	  during	  elongation	  or	  termination	  (102,	  128).	  	  Plant	  miRNAs	  typically	  have	  perfect	  or	  almost	  perfect	  complementarity	  with	  the	  coding	  regions	  of	  their	  target	  mRNAs,	  rather	  than	  the	  3'	  UTRs.	  Pairing	  within	  coding	  sequences	  often	  leads	  to	  degradation	  of	  the	  mRNAs	  (24,	  74,	  119),	  though	  miRNAs	  that	  act	  solely	  as	  translational	  repressors	  through	  coding	  sequence	  pairing	  have	  also	  been	  identified	  (24).	  	  
siRNAs	  dsRNA	  can	  be	  artificially	  introduced	  into	  eukaryotic	  cells,	  as	  Fire	  and	  Mello	  famously	  showed	  (39),	  or	  naturally	  arise	  from	  RNA	  viruses,	  transgene	  constructs	  and	  transposons	  (47).	  	  These	  dsRNAs	  are	  processed	  into	  siRNAs	  through	  the	  activity	  of	  Dicer,	  which	  initiates	  a	  sequence	  of	  events	  that	  results	  in	  processing	  of	  dsRNA	  into	  21-­‐25nt-­‐long	  siRNA:siRNA	  duplexes	  (8)	  that	  ultimately	  feed	  a	  single-­‐stranded	  siRNA	  into	  a	  RISC	  complex	  (45).	  	  In	  contrast	  to	  miRNAs,	  siRNAs	  most	  commonly	  have	  perfect	  complementarity	  with	  their	  targets,	  bind	  at	  only	  one	  site	  on	  the	  target,	  and	  direct	  cleavage	  and	  degradation	  at	  the	  site	  of	  complementarity	  (47).	  	  There	  are	  
	   6	  
some	  examples	  of	  siRNAs	  that	  pair	  imperfectly	  with	  their	  target	  and	  lead	  to	  translational	  repression	  rather	  than	  cleavage	  and	  degradation,	  which	  implies	  that	  siRNAs	  and	  miRNAs	  may	  not	  be	  as	  distinct	  from	  one	  another	  as	  first	  thought	  (31).	  Interestingly,	  however,	  siRNAs	  can	  act	  as	  an	  immune	  system	  against	  foreign	  DNA	  or	  RNA	  while	  miRNAs	  control	  gene	  expression	  in	  the	  native	  organism	  (47,	  48).	  	  1.2.3.	  	  Bacterial	  regulatory	  RNAs	   	  	  Although	  the	  first	  bacterial	  sRNA	  was	  characterized	  in	  the	  early	  1980s,	  advances	  in	  understanding	  the	  various	  bacterial	  regulatory	  RNA	  pathways	  have	  only	  been	  made	  in	  the	  last	  decade.	  	  Improvements	  in	  sequencing	  and	  computational	  analysis	  identified	  a	  large	  number	  of	  conserved	  non-­‐coding	  RNA	  elements	  that	  became	  candidates	  for	  further	  study	  (73).	  Diverse	  types	  of	  regulatory	  RNAs	  exist	  in	  bacteria	  including	  riboswitches,	  CRISPR	  (clustered	  regularly	  interspaced	  short	  palindromic	  repeats)	  RNAs	  and	  small	  RNAs	  (sRNAs)	  (151).	  	  sRNAs	  can	  be	  further	  classified	  as	  those	  that	  modulate	  protein	  function	  or	  those	  that	  base	  pair	  to	  target	  mRNAs	  to	  cause	  post-­‐transcriptional	  regulation.	  	  They	  are	  referred	  to	  as	  “small”	  because	  they	  are	  usually	  less	  than	  ~300nt	  long	  and	  many	  are	  less	  than	  100nt	  (151).	  	  These	  various	  regulatory	  RNAs	  in	  bacteria	  have	  been	  shown	  to	  affect	  transcription,	  translation,	  mRNA	  stability	  and	  perform	  DNA	  silencing	  through	  mechanisms	  such	  as	  changing	  RNA	  conformation,	  binding	  proteins,	  base	  pairing	  with	  mRNA	  or	  binding	  to	  DNA	  (151).	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Riboswitches	  Riboswitches	  are	  cis-­‐encoded	  elements	  located	  upstream	  of	  the	  genes	  they	  regulate	  and	  control	  gene	  expression	  by	  directly	  binding	  metabolites	  (43).	  	  Riboswitches	  are	  composed	  of	  two	  parts:	  an	  aptamer	  that	  binds	  the	  metabolite	  and	  an	  expression	  platform	  that	  regulates	  gene	  expression	  in	  response	  to	  metabolite	  binding.	  	  The	  expression	  platform	  typically	  consists	  of	  a	  variety	  of	  hairpin	  structures	  that	  can	  affect	  access	  to	  ribosome	  binding	  sites	  or	  disrupt	  transcriptional	  terminators	  and	  antiterminators	  (83,	  95,	  151).	  	  Riboswitches	  can	  exert	  their	  effects	  on	  DNA	  or	  mRNA,	  which	  commonly	  leads	  to	  repression	  of	  the	  downstream	  gene	  (though	  activation	  of	  the	  downstream	  gene	  has	  been	  characterized	  in	  a	  few	  instances)	  (151).	  
	  
CRISPRs	  Only	  recently	  identified,	  CRISPR	  RNAs	  (found	  in	  ~40%	  of	  bacteria	  and	  ~90%	  of	  archaea)	  inhibit	  infection	  by	  foreign	  DNA	  from	  bacteriophages	  and	  plasmids.	  Their	  structure	  consists	  of	  clustered	  palindromic	  repeats	  of	  24-­‐47	  base	  pairs	  interspersed	  with	  unique	  26-­‐72	  base	  pair	  spacers	  that	  contain	  homology	  with	  foreign	  DNA	  (134).	  	  These	  long	  repeat	  sequences	  are	  transcribed	  as	  a	  single	  RNA	  transcript	  that	  is	  processed	  by	  the	  Cascade	  protein	  complex,	  encoded	  by	  the	  CAS	  (CRISPR-­‐associated)	  genes	  (19).	  	  The	  CAS	  genes	  are	  always	  located	  upstream	  of	  the	  CRISPR	  array	  (57).	  	  The	  Cascade	  complex	  processing	  yields	  individual	  single-­‐stranded	  repeat-­‐spacer	  units	  called	  crRNAs	  and	  together	  the	  Cascade-­‐crRNA	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complex	  targets	  the	  foreign	  DNA	  for	  degradation	  (19,	  81).	  The	  mechanisms	  by	  which	  the	  targeting	  and	  degradation	  occur	  are	  still	  unknown	  (151).	  	  
	  
Protein	  modulating	  sRNAs	  sRNAs	  that	  modulate	  protein	  activity	  exert	  indirect	  effects	  on	  gene	  expression	  by	  mimicking	  structures	  of	  other	  nucleic	  acids.	  	  The	  6S	  sRNA	  is	  categorized	  in	  this	  class	  due	  to	  its	  secondary	  structure	  that	  resembles	  a	  DNA	  open	  complex.	  This	  molecular	  mimicry	  allows	  the	  sRNA	  to	  bind	  to	  the	  σ70	  holoenzyme	  of	  RNA	  polymerase	  and	  prevent	  transcription	  of	  a	  subset	  of	  σ70-­‐dependent	  genes	  (150).	  Another	  type	  of	  protein-­‐modulating	  sRNA	  is	  exemplified	  by	  the	  CsrB/C	  RNAs.	  CsrB	  and	  CsrC	  regulate	  activity	  of	  CsrA,	  a	  global	  regulator	  of	  carbon	  metabolism.	  CsrA	  most	  commonly	  functions	  as	  a	  translational	  repressor	  by	  binding	  ribosome	  binding	  sites	  of	  specific	  mRNAs.	  The	  CsrB	  and	  CsrC	  sRNAs	  each	  contain	  a	  large	  number	  (18	  and	  9,	  respectively)	  of	  7	  nucleotide	  repeats	  located	  on	  single-­‐stranded	  loop	  regions	  of	  the	  RNAs.	  These	  repeats	  are	  each	  capable	  of	  binding	  one	  CsrA	  protein	  and	  will	  titrate	  CsrA	  away	  from	  its	  target	  mRNAs.	  The	  net	  result	  is	  that	  when	  CsrB	  and	  CsrC	  RNA	  levels	  are	  high,	  CsrA	  activity	  is	  low	  and	  genes	  in	  the	  CsrA	  regulon	  are	  derepressed	  (5).	  	  
	  
Base	  pairing	  sRNAs	  Base	  pairing	  sRNAs	  are	  currently	  the	  most	  studied	  and	  well-­‐defined	  class	  of	  sRNAs	  in	  bacteria.	  They	  range	  from	  100-­‐200	  nt	  in	  length	  and	  act	  by	  hybridizing	  to	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mRNA	  targets	  conferring	  either	  positive	  or	  negative	  translational	  effects.	  They	  can	  be	  cis-­‐encoded	  or	  trans-­‐encoded.	  	  
Cis-­‐encoded	  sRNAs	  are	  encoded	  on	  the	  DNA	  strand	  opposite	  from	  their	  target	  mRNA.	  Though	  they	  are	  referred	  to	  as	  “cis”	  because	  of	  their	  chromosomal	  locations	  relative	  to	  their	  targets,	  they	  are	  diffusible	  sRNA	  molecules	  that	  act	  in	  trans.	  Typically	  cis-­‐encoded	  sRNAs	  possess	  extensive	  complementarity	  with	  their	  targets	  (greater	  than	  75	  nt)	  and	  promote	  translational	  repression	  and/or	  mRNA	  degradation	  (18,	  148).	  Other	  examples	  have	  been	  described	  where	  a	  cis-­‐encoded	  sRNAs	  cause	  processing	  of	  a	  polycistronic	  mRNA	  (103,	  139)	  or	  transcriptional	  termination	  (137).	  Cis-­‐encoded	  sRNAs	  have	  been	  more	  extensively	  found	  on	  plasmids,	  bacteriophages	  and	  transposons	  as	  opposed	  to	  the	  chromosome	  (151).	  The	  first	  discovered	  regulatory	  RNA,	  ColE1,	  falls	  into	  this	  class.	  
Trans-­‐encoded	  sRNAs,	  in	  contrast	  to	  cis-­‐encoded	  sRNAs,	  are	  encoded	  in	  regions	  that	  have	  no	  correlation	  with	  those	  of	  their	  targets.	  Unlike	  cis-­‐encoded	  sRNAs,	  which	  are	  often	  constitutively	  expressed,	  trans-­‐encoded	  sRNAs	  are	  typically	  produced	  under	  very	  specific	  growth	  conditions	  and	  usually	  associated	  with	  a	  cellular	  stress	  response.	  Furthermore,	  they	  have	  very	  short,	  discontinuous	  regions	  of	  complementarity	  to	  their	  targets	  (151).	  Because	  they	  are	  the	  main	  focus	  of	  this	  study,	  trans-­‐encoded	  sRNAs	  are	  described	  in	  more	  detail,	  below.	  	  
1.3.	  	  Characteristics	  of	  trans-­‐encoded	  sRNAs	  in	  bacteria	  	  Over	  80	  trans-­‐encoded	  sRNAs	  have	  been	  identified	  in	  E.	  coli	  K-­‐12	  to-­‐date	  (34).	  Although	  they	  are	  typically	  100-­‐200nt	  long,	  they	  share	  only	  short	  regions	  of	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imperfect	  complementarity	  with	  their	  target	  RNAs.	  This	  short,	  imperfect	  complementarity	  allows	  a	  single	  sRNA	  to	  regulate	  multiple	  targets,	  but	  also	  confers	  requirements	  for	  accessory	  proteins	  to	  facilitate	  the	  base	  pairing	  interactions	  and	  regulation.	  All	  characterized	  trans-­‐acting	  sRNAs	  so	  far	  characterized	  in	  E.	  coli	  require	  the	  RNA	  chaperone	  Hfq.	  Hfq	  binding	  stabilizes	  sRNAs	  (85,	  145),	  facilitates	  sRNA:mRNA	  interactions	  (60,	  133)	  and	  in	  some	  instances	  recruits	  degradation	  machinery	  (98).	  Trans-­‐encoded	  sRNAs	  have	  been	  shown	  to	  bind	  to	  various	  regions	  within	  mRNA	  targets,	  ranging	  from	  5'	  UTRs,	  coding	  regions	  and	  3'	  UTRs.	  Cases	  of	  translational	  activation	  by	  trans-­‐acting	  sRNAs	  have	  also	  been	  described,	  but	  are	  less	  common	  (122,	  151).	  	  	  1.3.1.	  	  Proteins	  involved	  in	  sRNA-­‐dependent	  regluation	  
1.3.1.1.	  	  Hfq	  Hfq	  confers	  stability	  to	  trans–acting	  sRNAs	  (presumably	  by	  protecting	  the	  sRNAs	  from	  RNases)	  and	  facilitates	  the	  sRNA:mRNA	  pairing	  interactions	  (60,	  145).	  Hfq	  is	  likely	  required	  because	  of	  the	  limited	  complementarity	  between	  trans-­‐encoded	  sRNAs	  and	  their	  targets.	  Along	  these	  lines,	  cis-­‐encoded	  sRNAs	  do	  not	  require	  Hfq	  (151).	  Hfq	  forms	  a	  hexameric	  ring	  structure	  (127)	  sharing	  similarity	  with	  the	  Sm	  and	  Sm-­‐like	  proteins	  of	  eukaryotes	  (155).	  In	  eukaryotes,	  these	  proteins	  are	  involved	  in	  RNA	  chaperoning,	  splicing	  and	  mRNA	  decay	  and	  are	  believed	  to	  act	  by	  remodeling	  RNA	  secondary	  structures.	  Similarly,	  Hfq	  has	  been	  shown	  to	  remodel	  sRNA	  and	  mRNA	  secondary	  structures	  to	  facilitate	  sRNA:mRNA	  pairing	  (40,	  145).	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The	  hexameric	  structure	  has	  a	  proximal	  and	  a	  distal	  face	  that	  have	  different	  affinities	  for	  various	  RNA	  species	  (72,	  91).	  Specifically,	  the	  proximal	  face	  prefers	  single-­‐stranded	  U-­‐rich	  sequences	  (i.e.	  from	  sRNA	  rho-­‐independent	  terminators)	  while	  the	  distal	  face	  prefers	  single-­‐stranded	  ARN	  or	  ARNN	  motifs	  (i.e.	  from	  an	  mRNA	  target)	  (72,	  91,	  145).	  	  	   In	  addition	  to	  facilitating	  pairing	  between	  sRNAs	  and	  their	  targets,	  Hfq	  has	  also	  been	  shown	  to	  play	  an	  important	  role	  in	  directly	  stimulating	  mRNA	  turnover	  by	  exposing	  mRNA	  3'	  ends	  to	  polyadenylation	  (93),	  or	  more	  commonly,	  recruiting	  the	  riboendonuclease	  RNase	  E	  (85,	  98)	  to	  degrade	  the	  sRNA:mRNA	  complex.	  	   Although	  Hfq	  plays	  a	  fundamental	  role	  in	  E.	  coli	  sRNA	  regulation,	  it	  is	  not	  required	  for	  all	  trans-­‐encoded	  bacterial	  sRNAs.	  For	  example,	  the	  Vibrio	  cholerae	  (V.	  
cholerae)	  sRNA,	  VrrA	  does	  not	  require	  Hfq	  to	  down	  regulate	  the	  ompA	  mRNA.	  In	  the	  presence	  of	  Hfq,	  however,	  VrrA	  represses	  ompA	  more	  efficiently	  (132).	  It	  is	  possible	  that	  another	  RNA	  chaperone	  facilitates	  sRNA	  regulation	  in	  this	  organism	  or	  that	  longer	  stretches	  of	  complementarity	  or	  higher	  concentrations	  of	  VrrA	  overcome	  the	  need	  for	  a	  chaperone	  (132).	  
	  
1.3.1.2.	  	  RNase	  E	  and	  the	  degradosome	  RNase	  E	  is	  a	  5'	  to	  3'	  riboendonuclease	  involved	  primarily	  in	  mRNA	  degradation	  and	  secondarily	  in	  rRNA	  processing.	  RNase	  E	  prefers	  substrates	  with	  monophosphorylated	  5'	  ends	  and	  un-­‐structured	  AU-­‐rich	  sequences.	  RNase	  E	  is	  the	  catalytic	  component	  of	  the	  RNA	  degradosome	  and	  its	  C-­‐terminus	  serves	  as	  a	  scaffold	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upon	  which	  other	  degradosome	  components	  assemble.	  RNase	  E	  is	  widely	  distributed	  among	  bacteria	  and	  has	  functional	  homologs	  in	  mammals	  (22).	  	   The	  degradosome	  is	  a	  multi-­‐protein	  complex	  consisting	  of	  RNase	  E,	  	  a	  3'	  to	  5'	  polynucleotide	  phosphorylase	  (PNPase),	  the	  RNA	  helicase,	  RhlB	  and	  enolase,	  a	  glycolytic	  enzyme.	  Conclusive	  evidence	  has	  shown	  that	  the	  C-­‐terminus	  of	  RNase	  E	  is	  responsible	  for	  association	  with	  PNPase	  and	  RhlB,	  while	  the	  N-­‐terminus	  comprises	  the	  catalytic	  domain	  (21).	  The	  N-­‐terminus	  has	  also	  been	  shown	  to	  contain	  RNA	  binding	  sites.	  While	  RNase	  E,	  RhlB,	  PNPase	  and	  enolase	  are	  typically	  considered	  the	  four	  main	  components	  of	  the	  degradosome,	  alternative	  forms	  of	  the	  degradosome	  containing	  other	  proteins	  can	  exist	  (22).	  	   Morita	  et	  al.	  (98)	  demonstrated	  that	  the	  C-­‐terminus	  of	  RNase	  E	  can	  associate	  with	  Hfq	  and	  that	  the	  interaction	  was	  required	  for	  sRNA:mRNA	  degradation.	  Additionally,	  they	  showed	  that	  sRNAs	  do	  not	  associate	  with	  RNase	  E	  in	  the	  absence	  of	  Hfq.	  Furthermore,	  they	  demonstrated	  that	  RNase	  E	  was	  only	  able	  to	  bind	  to	  Hfq	  when	  it	  was	  not	  associated	  with	  other	  degradosome	  components,	  suggesting	  the	  existence	  of	  a	  unique	  protein	  complex	  consisting	  of	  RNase	  E,	  Hfq	  and	  an	  sRNA	  that	  is	  distinct	  from	  the	  classical	  degradosome	  (98).	  	  
	  1.3.2.	  	  Mechanisms	  of	  positive	  regulation	  	  Examples	  of	  direct	  positive	  regulation	  by	  sRNAs	  are	  less	  numerous	  than	  examples	  of	  negative	  regulation.	  To	  date	  only	  one	  type	  of	  direct	  activation	  mechanism	  has	  been	  described.	  This	  is	  exemplified	  by	  DsrA,	  RprA	  and	  ArcZ	  sRNAs	  that	  positively	  regulate	  translation	  of	  rpoS	  mRNA.	  They	  do	  so	  by	  binding	  to	  the	  rpoS	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5'	  UTR	  and	  preventing	  formation	  of	  a	  hairpin	  that	  normally	  occludes	  the	  ribosome	  binding	  site	  (133).	  Prevention	  of	  hairpin	  formation	  by	  DsrA,	  RprA	  and	  ArcZ	  allows	  the	  ribosome	  to	  bind	  and	  initiate	  translation	  of	  rpoS.	  In	  the	  absence	  of	  these	  sRNAs,	  
rpoS	  	  translation	  is	  very	  low	  and	  the	  stationary	  phase	  σ	  factor	  (σS)	  is	  not	  made	  at	  normal	  levels	  (41,	  133).	  The	  sRNA	  RyhB	  activates	  translation	  of	  the	  shiA	  mRNA,	  encoding	  a	  shikimate	  permease,	  by	  an	  analogous	  mechanism.	  RyhB	  pairing	  at	  the	  
shiA	  5'	  UTR	  disrupts	  an	  intrinsic	  inhibitory	  structure	  that	  sequesters	  the	  shiA	  ribosome	  binding	  site	  (RBS)	  and	  start	  codon	  (116).	  
	  1.3.3.	  	  Mechanisms	  of	  negative	  regulation	  
Translational	  inhibition	  by	  ribosome	  occlusion	  Negatively	  acting	  sRNAs	  commonly	  occlude	  ribosome	  binding	  by	  hybridizing	  to	  the	  ribosome	  binding	  sites	  of	  mRNA	  targets.	  The	  sRNA	  Spot	  42	  hybridizes	  with	  the	  galK	  RBS	  in	  the	  galETK	  polycistronic	  transcript	  to	  prevent	  its	  translation,	  without	  affecting	  translation	  of	  the	  upstream	  genes	  galET	  (Fig.	  1.1)	  (41).	  In	  this	  case,	  sRNA-­‐mediated	  regulation	  results	  in	  discoordinate	  translation	  of	  genes	  in	  an	  operon.	  In	  other	  words,	  when	  Spot	  42	  is	  produced,	  the	  ratio	  of	  GalK	  protein	  to	  GalE	  and	  GalT	  is	  reduced.	  	  
Translational	  inhibition	  by	  ribosome	  occlusion	  and	  subsequent	  degradation	  The	  most	  common	  mechanism	  described	  for	  sRNA	  regulation	  is	  when	  an	  sRNA	  occludes	  ribosome	  binding	  to	  a	  target	  message	  and	  subsequently	  leads	  to	  degradation	  of	  the	  sRNA:mRNA	  complex.	  The	  degradation	  is	  dependent	  on	  the	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riboendonuclease,	  RNase	  E,	  and	  the	  degradosome.	  	  The	  sRNA	  RyhB	  carries	  out	  regulation	  by	  this	  mechanism	  for	  several	  mRNA	  targets,	  including	  sodB	  (Fig.	  1.2)	  and	  sdhCDAB	  (87).	  RyhB	  carries	  out	  a	  slightly	  different	  mechanism	  in	  regulation	  of	  the	  iscRSUA	  operon.	  RyhB	  binds	  to	  sequences	  overlapping	  the	  iscS	  ribosome	  binding	  site.	  RyhB	  inhibition	  of	  iscS	  translation	  is	  coupled	  to	  degradation	  of	  the	  iscSUA	  portion	  of	  the	  transcript	  but	  leaves	  a	  stable	  iscR	  transcript	  available	  for	  translation	  (29).	  This	  represents	  another	  example	  in	  which	  sRNA-­‐mediated	  regulation	  leads	  to	  discoordinate	  expression	  of	  genes	  in	  an	  operon.	  In	  Salmonella,	  RybB,	  a	  different	  sRNA,	  occludes	  ribosome	  binding	  and	  inhibits	  translation	  by	  binding	  in	  the	  5'	  coding	  region	  of	  ompN	  mRNA	  (the	  effect	  on	  
ompN	  mRNA	  was	  not	  measured).	  This	  study	  demonstrated	  that	  RybB	  pairing	  at	  sites	  within	  the	  first	  5	  codons	  of	  ompN	  prevented	  translation	  initiation	  even	  when	  RBS	  and	  start	  codons	  were	  not	  sequestered.	  This	  type	  of	  pairing	  within	  the	  coding	  region	  of	  the	  mRNA	  is	  thought	  to	  occlude	  ribosome	  binding	  through	  steric	  hindrance	  of	  ternary	  complex	  formation	  (15).	  	  	  
Other	  mechanisms	  Recently,	  new	  mechanisms	  of	  sRNA	  regulation	  that	  do	  not	  involve	  occlusion	  of	  the	  RBS	  have	  been	  elucidated.	  The	  GcvB	  sRNA	  binds	  upstream	  of	  the	  ribosome	  binding	  sites	  of	  some	  target	  mRNAs	  and	  inhibits	  translation	  by	  blocking	  putative	  translational	  enhancer	  sites	  composed	  of	  C/A-­‐rich	  sequences	  (Fig.	  1.1)	  (129).	  MicC	  sRNA	  binds	  within	  the	  coding	  region	  of	  one	  of	  its	  targets,	  ompD	  mRNA.	  The	  pairing	  occurs	  23	  codons	  downstream	  of	  the	  ompD	  start	  site,	  too	  far	  from	  the	  RBS	  to	  inhibit	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ompD	  translation	  initiation;	  instead,	  RNase	  E-­‐dependent	  degradation	  is	  required	  for	  MicC-­‐mediated	  repression	  of	  ompD	  (Fig.	  1.2).	  In	  the	  absence	  of	  RNase	  E,	  ompD	  is	  not	  repressed	  by	  MicC	  (109).	  	  	  
	  
Figure	  1.1.	  	  Mechanisms	  of	  negative	  regulation	  by	  trans-­‐encoded	  sRNAs.	  Four	  different	  mechanisms	  of	  negative	  regulation	  by	  bacterial	  base	  pairing	  small	  RNAs	  (sRNAs)	  have	  been	  described,	  to	  date.	  Spot42	  base	  pairs	  with	  the	  ribosome	  binding	  site	  of	  galK	  and	  inhibits	  translation	  of	  galK	  while	  still	  allowing	  translation	  of	  galET	  (top-­‐left	  panel)	  (94).	  RyhB	  base	  pairs	  with	  the	  ribosome	  binding	  site	  of	  sodB,	  inhibits	  translation	  and	  subsequently	  recruits	  RNase	  E	  to	  the	  sRNA-­‐mRNA	  complex	  by	  way	  of	  the	  degradosome	  (bottom-­‐left	  panel)	  (85).	  GcvB	  binds	  upstream	  of	  the	  ribosome	  binding	  site	  of	  gltI	  and	  occludes	  translational	  enhancer	  elements	  (top-­‐right	  panel)	  (129)	  while	  MicC	  binds	  downstream	  of	  the	  ribosome	  binding	  site	  of	  
ompD	  and	  negatively	  regulates	  ompD	  by	  recruiting	  the	  degradosome	  to	  degrade	  the	  MicC-­‐ompD	  complex	  (bottom-­‐right	  panel)	  (109).	  	  
	  
1.4.	  	  The	  carbohydrate	  phosphoenolypyruvate	  phosphotransferase	  system	  The	  mechanism	  of	  carbohydrate	  transport	  by	  the	  phosphoenolypyruvate	  phosphotransferase	  system	  (PTS)	  is	  referred	  to	  as	  group	  translocation.	  The	  PTS	  is	  the	  primary	  system	  for	  sugar	  transport	  in	  anaerobic	  and	  facultative	  anaerobic	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bacteria	  but	  is	  absent	  in	  many	  aerobes	  (152).	  It	  catalyzes	  the	  uptake	  and	  accumulation	  of	  sugars	  in	  their	  phosphorylated	  forms,	  using	  phosphoenolpyruvate	  (PEP),	  a	  glycolytic	  intermediate,	  as	  the	  phosphoryl	  donor.	  	  The	  PTS	  is	  comprised	  of	  3	  components:	  Enzyme	  I	  (EI),	  Histidine-­‐containing	  protein	  (Hpr)	  and	  Enzyme	  II	  (EII).	  EI	  and	  Hpr	  are	  the	  general	  PTS	  components	  and	  are	  required	  for	  utilization	  of	  all	  PTS	  sugars.	  EIIs	  are	  the	  sugar-­‐specific	  components	  and	  are	  composed	  of	  a	  soluble	  domain	  and	  a	  membrane	  bound	  domain.	  PEP	  initiates	  a	  series	  of	  phosphorylation	  steps	  that	  is	  carried	  out	  by	  these	  proteins	  to	  ultimately	  activate	  the	  sugar-­‐specific	  EII	  soluble	  domain	  and	  allow	  for	  sugar	  transport.	  EII	  is	  typically	  comprised	  of	  3-­‐4	  subunits	  that	  can	  be	  encoded	  by	  one	  or	  multiple	  polypeptides.	  The	  phosphoryl	  group	  from	  Hpr	  is	  transferred	  first	  to	  the	  EIIA	  subunit	  and	  then	  to	  EIIB.	  EIIB	  directly	  phosphorylates	  the	  sugar	  as	  it	  is	  transported	  through	  the	  membrane-­‐localized	  EIIC	  subunit.	  The	  resulting	  phosphosugars	  are	  then	  metabolized	  through	  glycolysis	  or	  the	  pentose	  phosphate	  pathway	  (152).	  	  In	  addition	  to	  the	  role	  in	  transport,	  the	  PTS	  also	  plays	  an	  important	  regulatory	  function.	  It	  provides	  a	  means	  for	  bacteria	  to	  sense	  which	  sugars	  are	  present	  in	  the	  environment	  and	  to	  regulate	  gene	  expression	  accordingly.	  	  Many	  PTS	  carbohydrates	  are	  used	  in	  preference	  to	  other	  carbon	  sources.	  Notably,	  this	  causes	  the	  phenomenon	  of	  diauxic	  growth,	  where	  bacteria	  delay	  the	  use	  of	  other	  carbon	  sources	  until	  glucose	  has	  been	  depleted.	  This	  phenomenon	  is	  also	  referred	  to	  as	  carbon	  catabolite	  repression	  (CRR)	  and	  its	  relation	  to	  the	  PTS	  is	  described	  in	  more	  detail	  in	  section	  1.4.2.1	  (1).	  	  
	  
	   17	  
	  1.4.1.	  	  Example	  transporters	  There	  are	  11	  characterized	  PTS	  transporters	  in	  E.	  coli.	  Discussed	  below	  are	  the	  two	  transporters	  relevant	  to	  this	  study.	  
	  
1.4.1.1.	  	  Crr	  (EIIAGlc)	  and	  PtsG	  (EIICBGlc)	  	  The	  glucose-­‐specific	  PTS	  permease,	  EIIGlc,	  is	  the	  primary	  glucose	  transporter	  in	  E.	  coli.	  It	  also	  transports	  glucosamine,	  sorbital,	  α-­‐methylglucoside	  (αMG),	  5-­‐thioglucose,	  arabinitol,	  ribitol,	  mannose	  and	  2-­‐deoxyglucose	  (2DG)	  (36).	  EIIGlc	  consists	  of	  two	  components,	  EIIAGlc	  (encoded	  by	  crr)	  and	  EIICBGlc	  (encoded	  by	  ptsG)	  (115).	  The	  C	  domain	  (at	  the	  N-­‐terminus)	  of	  the	  EIICBGlc	  protein	  is	  membrane-­‐bound	  with	  8	  α-­‐helical	  transmembrane	  segments,	  while	  the	  B	  domain	  (at	  the	  C-­‐terminus)	  is	  cytoplasmic	  (20).	  The	  ptsG	  gene	  is	  positively	  regulated	  by	  the	  cAMP	  receptor	  protein,	  CRP,	  and	  negatively	  regulated	  by	  the	  transcriptional	  repressor,	  Mlc	  (113,	  114).	  	  	   The	  EIIA	  subunit	  of	  the	  EIIGlc	  plays	  a	  central	  role	  in	  carbon	  catabolite	  repression	  in	  E.	  coli.	  When	  glucose	  is	  being	  transported	  into	  the	  cell	  through	  the	  PTS,	  P-­‐EIIAGlc	  rapidly	  donates	  its	  phosphoryl	  group	  to	  EIICBGlc.	  The	  pool	  of	  dephosphorylated	  EIIAGlc	  directly	  inhibits	  several	  enzymes	  required	  for	  uptake	  or	  metabolism	  of	  other	  carbon	  sources	  (such	  as	  the	  lactose	  and	  melibiose	  transporters),	  ensuring	  that	  glucose	  uptake	  is	  prioritized.	  When	  glucose	  is	  not	  being	  transported,	  P-­‐EIIAGlu	  is	  more	  abundant.	  P-­‐EIIAGlc	  activates	  adenylate	  cylcase	  thereby	  increasing	  levels	  of	  cyclic	  AMP	  (cAMP).	  cAMP	  in	  concert	  with	  the	  cAMP	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receptor	  protein	  (CRP,	  also	  called	  catabolite	  activator	  protein	  CAP)	  activates	  transcription	  of	  genes	  encoding	  catabolic	  enzymes	  for	  other	  carbon	  sources	  (152).	  (Basal	  levels	  of	  cAMP	  are	  present	  regardless	  of	  the	  carbon	  source	  to	  activate	  genes	  for	  PTS	  sugar	  metabolism,	  i.e.	  ptsG	  (152).)	  	  
	  
1.4.1.2.	  	  ManXYZ	  (EIIABMan,	  EIICDMan)	  The	  mannose	  transporter	  of	  the	  PTS,	  EIIMan,	  is	  the	  primary	  mannose	  transporter	  in	  E.	  coli.	  However,	  it	  has	  a	  broader	  sugar	  substrate	  affinity	  than	  many	  of	  the	  other	  PTS	  transporters.	  In	  addition	  to	  mannose,	  EIIMan	  has	  been	  shown	  to	  transport	  N-­‐acetylglucosamine,	  glucosamine,	  fructose,	  2DG,	  glucose,	  trehelose	  and	  αMG	  (115).	  	   All	  the	  components	  of	  the	  EIIMan	  are	  encoded	  in	  an	  operon.	  EIIABMan	  is	  a	  single	  cytoplasmic	  protein	  encoded	  by	  manX,	  while	  EIICDMan	  is	  encoded	  by	  two	  genes,	  manY	  (EIIC)	  and	  manZ	  (EIID).	  Both	  EIIC	  and	  EIID	  are	  membrane-­‐bound	  with	  EIIC	  containing	  six	  transmembrane	  α-­‐helical	  domains	  and	  EIID	  containing	  one	  transmembrane	  α-­‐helical	  domain	  (53).	  The	  manXYZ	  operon	  is	  transcriptionally	  regulated	  similarly	  to	  ptsG	  in	  that	  it	  is	  activated	  by	  CRP-­‐cAMP	  and	  repressed	  by	  Mlc	  (53,	  112).	  	   Interestingly,	  ManY	  and	  ManZ	  have	  been	  shown	  to	  play	  other	  roles	  unrelated	  to	  carbon	  metabolism,	  including	  allowing	  infection	  by	  bacteriophage	  λ	  and	  phage	  N4.	  In	  both	  these	  instances	  ManX	  is	  not	  required	  for	  phage	  infection	  (37).	  It	  is	  proposed	  that	  the	  hydrophilic	  N-­‐terminal	  part	  of	  IIDMan,	  which	  protrudes	  into	  the	  periplasmic	  space,	  serves	  as	  a	  recognition	  protein	  for	  the	  phage	  and	  enables	  λ	  DNA	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penetration	  (35,	  125),	  through	  the	  pore	  formed	  by	  IICDMan	  (36).	  Furthermore,	  ManY	  and	  ManZ	  have	  been	  implicated	  in	  conferring	  sensitivity	  to	  microcin	  E492	  (MccE492)	  produced	  by	  Klebsiella	  pneumoniae	  (10)	  and	  lactococin	  A	  produced	  by	  
Lactococcus	  lactis	  (30).	  In	  both	  these	  instances,	  ManYZ	  forms	  a	  stable	  complex	  with	  the	  antibacterial	  peptide	  (9,	  30).	  Interestingly	  the	  ManYZ-­‐MccE492	  association	  prevented	  growth	  on	  minimal	  mannose	  but	  did	  not	  prevent	  bacteriophage	  λ	  infection,	  suggesting	  distinct	  portions	  of	  the	  mannose	  permease	  are	  utilized	  for	  bacteriophage	  λ	  infection	  (9).	  	  
1.5.	  	  The	  sugar-­‐phosphate	  stress	  response	  Sugar	  phosphate	  toxicity	  is	  a	  phenomenon	  that	  was	  observed	  as	  early	  as	  the	  1950s	  (149).	  It	  occurs	  when	  cells	  are	  fed	  non-­‐metabolizable	  sugar	  analogs	  or	  if	  glycolysis	  is	  blocked	  such	  that	  phosphorylated	  glycolytic	  intermediates	  accumulate.	  The	  toxicity	  is	  characterized	  by	  growth	  inhibition	  or	  cell	  death,	  but	  the	  biochemical	  mechanisms	  of	  toxicity	  are	  unknown	  in	  many	  cases	  (59,	  66,	  68,	  149).	  	  	  1.5.1.	  	  Glucose-­‐phosphate	  stress	  Glucose-­‐phosphate	  stress	  was	  first	  described	  when	  Kimata,	  et	  al.	  initiated	  a	  search	  for	  mutations	  that	  would	  disrupt	  the	  inhibitory	  effect	  of	  glucose	  on	  expression	  of	  the	  lac	  operon.	  They	  identified	  mutations	  in	  genes	  encoding	  two	  glycolytic	  enzymes,	  pgi	  and	  pfk,	  that	  allowed	  lac	  operon	  expression	  in	  the	  presence	  of	  glucose	  and	  lactose.	  They	  determined	  that	  these	  mutations	  caused	  reduced	  stability	  of	  ptsG	  mRNA	  and	  therefore	  reduced	  levels	  of	  EIICBGlc	  protein	  (62).	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Furthermore,	  in	  cells	  harboring	  a	  mutation	  in	  pgi	  (the	  gene	  that	  encodes	  phosphoglucose	  isomerase	  that	  converts	  glucose-­‐6-­‐phosphate	  (G6P)	  to	  fructose-­‐6-­‐phosphate	  (F6P)),	  exposure	  to	  glucose	  resulted	  in	  G6P	  accumulation	  and	  transient	  growth-­‐inhibition.	  Their	  data	  implicated	  G6P	  accumulation	  as	  the	  source	  of	  the	  stress	  because	  overexpression	  of	  zwf,	  encoding	  an	  enzyme	  that	  converts	  G6P	  to	  6-­‐phosphogluconolactone	  (effectively	  feeding	  G6P	  into	  the	  Pentose	  Phosphate	  Pathway),	  relieved	  the	  growth	  inhibition	  (96).	  	  In	  the	  initial	  Kimata	  study,	  it	  was	  also	  demonstrated	  that	  exposure	  to	  the	  glucose	  analog,	  αMG,	  caused	  growth	  inhibition	  and	  ptsG	  mRNA	  degradation	  (62).	  	  Some	  Enterobacteriaceae	  have	  enzymes	  for	  uptake	  and	  metabolism	  of	  the	  glucose	  analog	  αMG	  (111),	  suggesting	  that	  αMG	  may	  be	  encountered	  in	  nature.	  In	  contrast,	  
E.	  coli	  transports	  αMG	  through	  the	  PTS	  transporter	  PtsG	  but	  can	  not	  metabolize	  αMG	  (123).	  As	  a	  result,	  αMG-­‐6-­‐phosphate	  accumulates	  in	  the	  cell	  and	  causes	  growth	  inhibition	  (59,	  149)	  and	  ptsG	  mRNA	  degradation,	  as	  observed	  by	  Kimata	  et	  al.	  (62).	  Vanderpool	  and	  Gottesman	  discovered	  that	  E.	  coli	  uses	  an	  sRNA-­‐mediated	  response	  mechanism	  to	  recover	  from	  this	  glucose-­‐phosphate	  induced	  stress	  (143).	  	  	  
	  1.5.2.	  	  SgrS	  	  
Discovery	  The	  small	  RNA	  SgrS	  was	  identified	  in	  a	  screen	  for	  RNAs	  that	  were	  immunoprecipitated	  with	  Hfq	  (156).	  	  Overexpression	  of	  sgrS	  hindered	  the	  ability	  of	  cells	  to	  grow	  on	  minimal	  mannose	  and	  minimal	  glucose	  media,	  suggesting	  SgrS	  was	  involved	  in	  sugar	  uptake	  or	  metabolism	  in	  the	  cell	  (143).	  Other	  reports	  had	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described	  post-­‐transcriptional	  regulation	  of	  the	  bacterial	  glucose	  transporter	  gene,	  
ptsG,	  which	  suggested	  the	  action	  of	  a	  small	  RNA.	  Specifically,	  Hfq	  and	  RNase	  E	  proteins	  were	  shown	  to	  aid	  rapid	  degradation	  of	  the	  ptsG	  transcript	  in	  the	  presence	  of	  accumulated	  glucose-­‐6-­‐phosphate	  or	  its	  analog,	  αMG-­‐6-­‐phosphate	  (62,	  96).	  	  Cells	  with	  an	  sgrS	  mutation	  that	  were	  grown	  in	  the	  presence	  of	  αMG	  displayed	  an	  inhibited	  growth	  phenotype,	  indicating	  that	  sgrS	  expression	  is	  required	  for	  cells	  to	  recover	  from	  αMG	  stress.	  Furthermore,	  northern	  analysis	  demonstrated	  that	  expression	  of	  sgrS	  was	  induced	  upon	  addition	  of	  αMG	  to	  cells.	  Northern	  analysis	  also	  showed	  increasing	  levels	  of	  SgrS	  led	  to	  the	  degradation	  of	  the	  ptsG	  transcript	  and	  that	  this	  degradation	  was	  mediated	  through	  base	  pairing	  interactions	  that	  require	  Hfq	  (60,	  143).	  Degradation	  of	  the	  ptsG	  transcript	  helps	  cells	  recover	  from	  glucose-­‐phosphate	  stress	  by	  decreasing	  amounts	  of	  the	  glucose-­‐specific	  transporter,	  EIICBGlc,	  thereby	  reducing	  glucose-­‐phosphate	  accumulation	  (Fig.	  1.3)(143).	  	  
	  
SgrS	  overview	  SgrS	  is	  a	  227nt	  trans-­‐encoded	  sRNA	  that	  is	  responsible	  for	  controlling	  accumulation	  of	  toxic	  sugar-­‐phosphates	  in	  E.	  coli	  cells	  (122).	  It	  regulates	  sugar-­‐phosphate	  accumulation	  by	  base	  pairing	  to	  the	  ptsG	  mRNA	  with	  conserved	  sequences	  in	  its	  single-­‐stranded	  3'	  region	  (52,	  60).	  	  The	  3'	  end	  of	  SgrS	  also	  contains	  a	  Rho-­‐independent	  terminator	  and	  PolyU	  tail.	  The	  PolyU	  tail	  serves	  as	  the	  Hfq	  binding	  site	  and	  is	  required	  for	  SgrS	  stabilization	  and	  base	  pairing	  regulation	  (105).	  The	  5'	  region	  of	  SgrS	  encodes	  a	  43	  amino	  acid	  protein	  SgrT	  (Fig.	  1.2)	  that,	  when	  expressed,	  prevents	  uptake	  of	  glucose	  through	  regulation	  of	  transporter	  activity	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(146,	  147).	  Transcription	  of	  SgrS	  is	  activated	  by	  the	  transcription	  factor	  SgrR,	  which	  is	  divergently	  transcribed	  from	  sgrS	  (Fig.	  1.2)	  (143,	  144).	  The	  sgrS	  sequence	  is	  conserved	  throughout	  most	  of	  the	  Enterobacteriaceae,	  specifically	  at	  the	  structural	  level	  and	  within	  the	  3'	  base	  pairing	  region	  (52).	  
	  
Figure	  1.2.	  	  Gene	  organization	  of	  the	  sgrS	  locus.	  	  The	  gene	  encoding	  the	  sgrS	  transcriptional	  activator,	  sgrR,	  is	  divergently	  transcribed	  from	  sgrS.	  The	  sequence	  encoding	  the	  small	  peptide,	  SgrT,	  is	  located	  in	  the	  5'	  end	  of	  sgrS.	  Diagram	  is	  not	  to	  scale.	  
	  1.5.3.	  	  SgrR	  	  SgrR	  is	  a	  transcription	  factor	  that	  stimulates	  transcription	  of	  sgrS.	  In	  the	  absence	  of	  SgrR,	  SgrS	  is	  not	  transcribed	  under	  glucose-­‐phosphate	  stress	  conditions	  and	  cells	  are	  growth	  inhibited.	  However,	  ectopic	  expression	  of	  SgrS	  from	  a	  plasmid	  relieves	  the	  growth	  defect,	  suggesting	  SgrS	  is	  the	  primary	  target	  of	  SgrR	  during	  stress.	  Ectopic	  expression	  of	  SgrR	  from	  a	  plasmid	  does	  not	  induce	  SgrS	  unless	  the	  cell	  is	  experiencing	  stress,	  suggesting	  that	  SgrR	  requires	  a	  stress	  signal	  for	  transcriptional	  activation	  under	  stress	  conditions	  (143,	  144).	  	  The	  novel	  class	  of	  transcription	  factors	  that	  SgrR	  represents	  is	  characterized	  by	  a	  two-­‐domain	  structure	  with	  an	  N-­‐terminal	  DNA	  binding	  domain	  and	  a	  C-­‐terminal	  solute-­‐binding	  domain.	  The	  C-­‐terminal	  solute-­‐binding	  domain	  is	  required	  for	  SgrR	  activation	  of	  SgrS	  under	  stress	  conditions,	  suggesting	  SgrS	  binds	  a	  small	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metabolite	  produced	  during	  stress.	  In	  the	  absence	  of	  stress,	  SgrR	  auto	  regulates	  its	  own	  transcription	  by	  binding	  to	  the	  SgrR-­‐SgrS	  intergenic	  region	  (143,	  144).	  	  
The	  ptsG	  regulatory	  mechanism	  SgrS	  regulates	  ptsG	  translation	  by	  hybridizing	  to	  the	  ribosome	  binding	  site	  of	  
ptsG	  mRNA	  and	  preventing	  translation	  (60,	  99).	  SgrS:ptsG	  base	  pairing	  is	  absolutely	  required	  for	  recovery	  from	  αMG	  stress	  in	  E.	  coli	  (143,	  147).	  SgrS:ptsG	  pairing	  recruits	  the	  degradosome	  to	  the	  sRNA-­‐mRNA	  complex	  through	  Hfq	  (98).	  Using	  the	  SgrS:ptsG	  interaction,	  Morita	  et	  al.	  demonstrated	  that	  translational	  inhibition	  was	  sufficient	  to	  silence	  an	  sRNA	  target	  in	  absence	  of	  mRNA	  degradation	  (99).	  	  The	  SgrS:ptsG	  interaction	  consists	  of	  an	  eight	  continguous	  base	  pair	  interaction	  flanked	  by	  small	  regions	  of	  complementarity	  that	  are	  five	  base	  pairs	  or	  less.	  Interestingly,	  only	  two	  bases	  in	  the	  central	  SgrS:ptsG	  interaction	  were	  shown	  to	  be	  absolutely	  required	  for	  the	  translational	  repression	  of	  ptsG	  and	  recovery	  from	  glucose-­‐phosphate	  stress	  (60,	  147).	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Figure	  1.3.	  	  Schematic	  of	  the	  E.	  coli	  glucose-­‐phosphate	  stress	  response.	  A	  series	  of	  phosphorylation	  events,	  initialized	  by	  phosphoenolpyruvate	  (PEP),	  activates	  the	  soluble	  EIIBGlc	  domain	  of	  sugar-­‐transporter	  PtsG	  or	  EIIABMan	  of	  ManXYZ.	  Upon	  uptake	  of	  glucose	  through	  PtsG/ManXYZ,	  the	  sugar	  is	  phosphorylated.	  Accumulation	  of	  phosphorylated	  glucose	  or	  its	  analogue,	  α-­‐methly-­‐glucoside	  (αMG)	  activates	  transcription	  of	  the	  sRNA,	  SgrS.	  SgrS	  binds	  to	  ptsG	  mRNA	  in	  an	  Hfq-­‐dependent	  fashion	  to	  stimulate	  rapid	  degradation	  of	  the	  ptsG	  mRNA.	  Degradation	  is	  dependent	  on	  co-­‐translational	  membrane	  localization	  of	  the	  ptsG	  mRNA.	  	  
	  1.5.4.	  	  SgrT	  A	  unique	  aspect	  of	  the	  SgrS	  sRNA	  is	  that	  the	  5'	  end	  of	  SgrS	  contains	  a	  small	  open-­‐reading	  frame,	  encoding	  a	  43	  residue	  protein,	  SgrT	  (Fig.	  1.2).	  Our	  lab	  recently	  discovered	  that	  overexpression	  of	  SgrT	  in	  a	  ΔsgrS	  background	  is	  sufficient	  to	  rescue	  cells	  from	  αMG	  stress.	  SgrT	  function	  was	  not	  redundant	  with	  the	  SgrS	  base	  pairing	  mechanism	  because	  in	  cells	  over	  expressing	  SgrT,	  the	  stability	  and	  translation	  of	  
ptsG	  mRNA	  were	  not	  affected.	  	  Therefore	  it	  was	  hypothesized	  that	  SgrT	  acts	  at	  the	  post-­‐translational	  level,	  possibly	  by	  inhibiting	  glucose	  transport.	  This	  hypothesis	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was	  supported	  by	  showing	  that	  cells	  overexpressing	  SgrT	  were	  deficient	  in	  their	  ability	  to	  take	  up	  glucose	  from	  the	  growth	  medium	  (147).	  SgrT	  is	  not	  well-­‐expressed	  in	  E.	  coli	  due	  to	  a	  structural	  element	  that	  occludes	  the	  ribosome	  binding	  site.	  This	  hairpin	  is	  not	  present	  in	  Salmonella	  typhimurium	  (S.	  typhimurium)	  SgrS	  and	  as	  a	  result,	  SgrT	  is	  expressed	  (146,	  147).	  	  	  
1.6.	  	  sRNAs	  in	  pathogenesis	  Hfq	  is	  essential	  for	  the	  virulence	  of	  some	  pathogens	  in	  which	  sRNAs	  have	  not	  yet	  been	  characterized,	  implying	  a	  critical	  role	  for	  sRNA-­‐mediated	  regulation	  in	  these	  organisms.	  These	  pathogens	  include	  Yersinia	  pseudotuberculosis	  (63,	  126),	  
Francisella	  tularensis	  (90),	  Uropathogenic	  E.	  coli	  (64),	  Salmonella	  enterica	  (131),	  
Listeria	  monocytogenes	  (25)	  and	  Neisseria	  meningitidis	  (38).	  	  
sRNAs	  in	  pathogens	  sRNAs	  have	  been	  directly	  implicated	  in	  virulence	  in	  S.	  typhimurium	  and	  
Shigella	  dysenteriae	  (S.	  dysenteriae).	  Mulitiple	  sRNAs	  have	  been	  identified	  within	  the	  
Salmonella	  pathogenicity	  island	  1	  (SPI-­‐1)	  including	  InvR,	  IsrE	  (a	  functional	  paralog	  of	  RyhB)	  and	  IsrJ.	  InvR,	  an	  Hfq-­‐dependent	  sRNA,	  represses	  the	  translation	  of	  the	  mRNA	  encoding	  the	  major	  outer	  membrane	  protein	  OmpD.	  	  The	  major	  SPI-­‐1	  transcriptional	  activator,	  HilD,	  activates	  expression	  of	  InvR	  under	  conditions	  that	  favor	  host	  cell	  invasion.	  Surprisingly,	  InvR	  does	  not	  modulate	  SPI-­‐1	  expression;	  rather	  it	  represses	  translation	  of	  the	  outer	  membrane	  protein	  mRNA,	  ompD.	  Repression	  of	  ompD	  by	  InvR	  was	  speculated	  to	  allow	  establishment	  of	  the	  SPI-­‐1	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Type	  Three	  Secretion	  System	  (110).	  The	  expression	  of	  isrJ	  is	  activated	  in	  the	  presence	  of	  another	  major	  SPI-­‐1	  transcriptional	  activator,	  HilA.	  IsrJ	  was	  shown	  to	  decrease	  the	  rate	  at	  which	  Salmonella	  invades	  non-­‐phagocytic	  cells	  (107).	  In	  S.	  
dysenteriae,	  RyhB	  was	  shown	  to	  repress	  several	  virulence-­‐associated	  phenotypes	  by	  negatively	  regulating	  the	  virulence-­‐associated	  transcriptional	  activator,	  VirB	  (100).	  	  
sRNAs	  and	  sugar	  transport	  in	  pathogens	  Recently,	  TarA,	  an	  sRNA	  in	  Vibrio	  cholerae,	  was	  identified	  and	  shown	  to	  negatively	  regulate	  ptsG	  mRNA.	  	  Expression	  of	  TarA	  (which	  has	  no	  similarity	  to	  SgrS)	  is	  activated	  by	  the	  virulence	  transcriptional	  activator,	  ToxT.	  Deletion	  of	  Hfq	  affects	  TarA	  levels,	  suggesting	  TarA	  interacts	  with	  Hfq.	  Furthermore,	  V.	  cholerae	  cells	  lacking	  TarA	  show	  colonization	  defects	  in	  mice	  in	  comparison	  to	  wild-­‐type	  cells,	  suggesting	  TarA,	  and	  potentially	  ptsG,	  play	  a	  role	  in	  the	  in	  vivo	  fitness	  of	  V.	  
cholerae	  (121).	  Interestingly,	  a	  separate	  study	  in	  Salmonella	  demonstrated	  that	  glucose	  transport	  through	  PtsG	  and	  ManXYZ	  were	  required	  for	  replication	  of	  
Salmonella	  in	  macrophages	  (16),	  though	  SgrS	  has	  not	  yet	  been	  implicated	  in	  
Salmonella	  virulence.	  	  	  
1.7.	  	  Aim	  of	  this	  study	  A	  growing	  number	  of	  sRNAs	  have	  been	  shown	  to	  target	  multiple	  transcripts	  (42,	  87,	  130),	  however,	  little	  is	  known	  about	  the	  diversity	  of	  mechanisms	  that	  sRNAs	  employ	  to	  regulate	  those	  targets.	  When	  this	  work	  was	  initiated,	  ptsG	  mRNA	  was	  the	  only	  known	  target	  of	  SgrS.	  Preliminary	  microarray	  results	  (Vanderpool	  and	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Gottesman,	  unpublished	  data)	  suggested	  that	  SgrS	  also	  affected	  manXYZ	  mRNA.	  The	  aim	  of	  this	  study	  was	  to	  elucidate	  the	  mechanism	  by	  which	  SgrS	  regulates	  the	  mannose	  PTS	  operon,	  manXYZ,	  and	  further	  characterize	  other	  members	  of	  the	  SgrS	  regulon.	  We	  wanted	  to	  investigate	  SgrS	  regulation	  of	  manXYZ	  due	  to	  manXYZ	  being	  unique	  from	  ptsG	  in	  that	  it	  is	  polycistronic	  and	  ptsG	  is	  monocistronic.	  Analysis	  of	  a	  polycistronic	  mRNA	  target	  could	  reveal	  whether	  SgrS	  regulated	  genes	  in	  an	  operon	  coordinately	  or	  discoordinately.	  Additionally,	  investigation	  into	  the	  SgrS	  regulon	  may	  elucidate	  other	  mechanisms	  of	  regulation	  by	  SgrS	  and	  also	  give	  further	  insight	  into	  the	  glucose-­‐phosphate	  stress	  response.	  The	  information	  gained	  from	  these	  studies	  will	  be	  valuable	  to	  improving	  sRNA	  target	  predictions	  and	  defining	  sRNA	  functional	  roles	  in	  the	  bacterial	  cell.	  	  Furthermore,	  experiments	  presented	  here	  may	  provide	  useful	  clues	  for	  understanding	  small	  RNA	  regulatory	  mechanisms	  in	  higher	  organisms.	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CHAPTER	  2	  
Materials	  and	  methods	  
	  
2.1.	  	  Strain	  and	  plasmid	  construction	  The	  strains	  and	  plasmids	  used	  in	  this	  study	  are	  listed	  in	  Table	  2.1.	  and	  oligonucleotides	  are	  listed	  in	  Table	  2.2.	  Alleles	  were	  moved	  between	  strains	  by	  P1	  transduction	  or	  inserted	  via	  Lambda	  Red	  recombination	  (154).	  	  Translational	  LacZ	  fusions	  at	  the	  native	  locus	  were	  constructed	  as	  described	  previously	  (34).	  	  Translational	  LacZ	  fusions	  at	  the	  lac	  locus	  were	  constructed	  as	  described	  previously	  (84).	  	  Strain	  XL10	  Gold	  (Stratagene)	  was	  used	  for	  the	  QuikChange	  Mutagenesis	  procedure.	  	  LacIq	  (harbored	  in	  several	  strains,	  including	  JH111,	  Table	  2.1)	  was	  used	  to	  control	  expression	  from	  the	  Plac	  promoter.	  The	  manXʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  created	  as	  described	  previously	  (34)	  using	  primers	  O-­‐JH129/O-­‐JH130	  to	  fuse	  lacZ	  to	  the	  34th	  codon	  of	  manX.	  	  The	  fusion	  was	  transduced	  into	  various	  backgrounds	  (See	  Table	  2.1)	  to	  create	  JH114,	  JH115,	  JH116,	  JH149,	  JH236	  and	  JH255.	  	  	  KanR-­‐Cp19-­‐manXYZ	  was	  created	  by	  PCR-­‐amplifying	  the	  kanR-­‐linked	  Cp19	  promoter	  from	  JNB034	  (Majdalani,	  Benhammou	  and	  Gottesman,	  unpublished	  data)	  chromosomal	  DNA	  using	  oligos	  containing	  manX	  homology	  (O-­‐JH104/O-­‐JH137).	  	  The	  resulting	  PCR	  product	  was	  recombined	  into	  NM200.	  	  KanR-­‐Cp19-­‐manXYZ	  from	  this	  strain	  was	  transduced	  into	  wild-­‐type	  (DJ480)	  and	  ΔsgrS	  (CS104)	  backgrounds	  to	  yield	  strains	  JH124	  and	  JH125.	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The	  kanR-­‐Cp19-­‐manX'-­‐'lacZ	  fusion	  was	  created	  as	  follows:	  kanR-­‐Cp19-­‐
manXYZ	  was	  transduced	  into	  NM200	  to	  create	  JH131.	  	  pCP20	  was	  used	  to	  flip	  out	  the	  kanR	  cassette,	  resulting	  in	  strain	  JH136.	  	  Then	  the	  manX'-­‐'lacZ	  fusion	  was	  created	  in	  the	  JH136	  strain	  as	  described	  above.	  	  Strains	  containing	  manX	  5'	  UTR	  mutations	  were	  created	  as	  follows:	  the	  
manX'-­‐'lacZ	  fusion	  was	  transduced	  into	  NM200	  to	  create	  JH149.	  	  A	  tetR-­‐Cp19	  PCR	  product	  generated	  using	  oligonucleotides	  O-­‐JH161/O-­‐JH175	  was	  used	  as	  a	  PCR	  template	  to	  generate	  tetR-­‐Cp19-­‐manX	  (O-­‐JH173/O-­‐JH163)	  and	  tetR-­‐Cp19-­‐manX30	  (O-­‐JH174/O-­‐JH163)	  products.	  	  These	  PCR	  products	  were	  recombined	  into	  JH149	  to	  create	  JH175	  and	  JH181,	  respectively.	  	  	  A	  ptsGʹ′-­‐ʹ′lacZ	  translational	  fusion	  (in	  strains	  JH169,	  JH172	  and	  JH238)	  was	  created	  so	  that	  lacZ	  was	  fused	  in	  frame	  to	  ptsG	  codon	  141	  using	  methods	  described	  previously	  (34).	  	  Oligonucleotides	  O-­‐JH153/O-­‐JH154	  were	  used	  to	  obtain	  the	  PCR	  product.	  	  The	  PtsG	  portion	  of	  the	  PtsG-­‐LacZ	  fusion	  protein	  contains	  four	  transmembrane	  domains;	  LacZ	  remains	  in	  the	  cytoplasm.	  	  The	  tetR-­‐Cp19-­‐ptsGʹ′-­‐ʹ′lacZ	  fusion	  was	  created	  by	  recombining	  a	  tetR-­‐Cp19	  cassette	  (amplified	  using	  oligonucleotides	  O-­‐JH170/O-­‐JH154)	  upstream	  of	  the	  ptsG	  5'	  UTR.	  Chromosomal	  mutations	  in	  manX	  were	  made	  using	  the	  following	  method:	  a	  tetR	  cassette	  (generated	  with	  oligonucleotides	  O-­‐JH194/O-­‐JH195)	  was	  inserted	  into	  
manX	  so	  that	  nucleotides	  to	  be	  targeted	  for	  mutation	  were	  deleted.	  	  The	  resulting	  strain	  was	  named	  JH197.	  	  A	  PCR	  product	  (obtained	  using	  oligonucleotides	  O-­‐JH199/O-­‐JH130	  or	  O-­‐JH211/O-­‐JH130	  and	  strain	  JH113	  as	  a	  template)	  containing	  the	  C143T	  or	  CAC	  to	  GUG	  manX	  mutations	  and	  a	  kanR	  cassette	  at	  the	  desired	  lacZ	  fusion	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junction	  was	  recombined	  into	  JH197	  creating	  JH208	  and	  JH227,	  respectively.	  	  The	  
manXʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  then	  constructed	  as	  described	  previously	  by	  flipping	  out	  the	  kanR	  cassette	  and	  replacing	  with	  ʹ′lacZ	  (34)	  to	  create	  JH212	  and	  JH228.	  	  Another	  tetR	  cassette	  was	  inserted	  into	  manX	  at	  a	  different	  site	  using	  a	  PCR	  product	  generated	  by	  primers	  O-­‐JH220/O-­‐JH195;	  the	  resulting	  strain	  was	  JH239.	  	  To	  make	  strain	  JH240	  containing	  the	  manX	  GTG	  to	  ATG	  mutation,	  a	  PCR	  product	  containing	  the	  mutation	  linked	  to	  a	  kanR	  cassette	  (amplified	  using	  O-­‐JH221/O-­‐JH130)	  was	  recombined	  into	  JH239	  and	  colonies	  were	  screened	  for	  tet	  sensitivity.	  	  The	  manXʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  constructed	  as	  described	  previously	  by	  flipping	  out	  the	  kanR	  cassette	  and	  replacing	  with	  ʹ′lacZ	  (34)	  to	  create	  JH241.	  
manXYpʹ′-­‐ʹ′lacZ	  	  and	  manXEcʹ′-­‐ʹ′lacZ	  fusions	  were	  created	  by	  recombining	  a	  PCR	  product	  containing	  upstream	  and	  downstream	  homology	  to	  E.	  coli	  manX	  flanking	  the	  Y.	  pestis	  or	  E.	  carotovora	  manX	  5'	  UTR	  and	  a	  kanR	  marker	  into	  JH197.	  	  The	  kanR	  marker	  was	  replaced	  by	  lacZ	  as	  described	  previously	  (34)	  to	  create	  JH232	  (manXYpʹ′-­‐
ʹ′lacZ)	  and	  JH264	  (manXEcarʹ′-­‐ʹ′lacZ).	  	  The	  PCR	  products	  used	  to	  create	  these	  strains	  were	  derived	  by	  stitching	  two	  PCR	  products:	  1)	  a	  product	  with	  homology	  upstream	  of	  E.	  coli	  manX	  and	  the	  Yersinia	  pestis	  or	  Erwinia	  carotovora	  manX	  sequence	  and	  2)	  a	  product	  with	  homology	  to	  the	  Y.	  pestis	  or	  E.	  carotovora	  manX	  sequence	  linked	  to	  a	  kanR	  marker.	  	  For	  Y.	  pestis	  manX,	  O-­‐JH212/O-­‐JH213	  were	  used	  to	  create	  product	  1.	  	  O-­‐JH214/O-­‐JH130	  were	  used	  to	  create	  product	  2.	  	  The	  same	  procedure	  was	  used	  to	  create	  the	  E.	  carotovora	  manXʹ′-­‐ʹ′lacZ	  fusion.	  	  The	  primers	  used	  were	  O-­‐JH215/O-­‐JH216,	  O-­‐JH217/O-­‐JH130	  and	  O-­‐JH215/O-­‐JH130.	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PsgrS-­‐lacZ	  was	  constructed	  by	  B.	  Hussain	  in	  our	  laboratory	  using	  the	  previously	  described	  method	  (143).	  	  PsgrS	  was	  amplified	  using	  primers	  O-­‐BAH102	  and	  O-­‐CV142	  containing	  EcoRI	  and	  BamHI	  sites.	  This	  product	  was	  cloned	  into	  pRS1553.	  The	  resulting	  fusion	  was	  recombined	  into	  the	  λatt	  site	  and	  the	  resulting	  strain	  was	  named	  BAH100.	  	  The	  original	  strain	  carrying	  ptsG::cat	  was	  kindly	  provided	  by	  H.	  Aiba.	  	  The	  ptsG::cat	  allele	  was	  transduced	  into	  PsgrS-­‐lacZ	  (BAH100)	  to	  yield	  strain	  CS177.	  	  The	  original	  strain	  carrying	  manXYZ::kanR	  was	  obtained	  from	  Amos	  Oppenheimer.	  manXYZ::kanR	  was	  transduced	  into	  PsgrS-­‐lacZ	  (BAH100)	  and	  
ΔptsG::cat	  (CS177)	  backgrounds	  to	  yield	  strains	  CS178	  and	  CS179.	  	   Plasmid	  pBRJH19,	  containing	  the	  GUG	  to	  CAC	  mutation	  in	  SgrS,	  was	  created	  using	  the	  QuikChange	  Mutagenesis	  kit	  (Stratagene)	  with	  primers	  O-­‐JH209/O-­‐JH210	  and	  Plac-­‐sgrS	  (pLCV1)	  plasmid	  as	  template.	  	  Plasmid	  pBRJH23	  was	  created	  using	  the	  QuikChange	  Mutagenesis	  kit	  with	  primer	  O-­‐JH252	  and	  Plac-­‐sgrS10	  (pBRJH19)	  as	  the	  template.	  	  Plasmid	  pBRJH26,	  containing	  the	  G168A	  mutation,	  was	  created	  using	  the	  QuikChange	  Mutagenesis	  kit	  with	  primer	  O-­‐JH260	  and	  the	  pLCV1	  plasmid	  as	  a	  template.	  	  Plasmid	  pBRJH24,	  containing	  the	  A173T	  and	  C174G	  mutations	  in	  SgrS,	  was	  created	  using	  the	  QuikChange	  Mutagenesis	  Kit	  with	  primer	  O-­‐JH253	  and	  the	  pLCV1	  plasmid	  as	  the	  template.	  The	  manXYʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  created	  as	  described	  previously	  (34)	  using	  primers	  O-­‐JH133/O-­‐JH134	  to	  fuse	  lacZ	  to	  the	  109th	  codon	  of	  manY.	  The	  fusion	  was	  transduced	  into	  various	  backgrounds	  (see	  Supplementary	  Table	  S1)	  to	  create	  JH135,	  JH247	  and	  JH256.	  Similarly,	  the	  manXYZʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  constructed	  as	  described	  previously	  (34)	  using	  primers	  O-­‐JH135/O-­‐JH136	  to	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fuse	  lacZ	  to	  the	  230th	  codon	  of	  manZ.	  The	  fusion	  was	  transduced	  into	  various	  backgrounds	  (see	  Supplementary	  Table	  S1)	  to	  create	  JH130,	  JH274	  and	  JH275.	  	   Translational	  lacZ	  fusions	  with	  various	  portions	  of	  manX	  and	  manY	  sequence	  were	  constructed	  in	  the	  context	  of	  a	  manXY66ʹ′-­‐ʹ′lacZ	  translation	  fusion.	  The	  
manXY66ʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  created	  as	  described	  previously	  (34)	  using	  primers	  O-­‐JH134/O-­‐JH250	  to	  fuse	  lacZ	  to	  the	  22nd	  codon	  of	  manY.	  The	  manXY66ʹ′-­‐
ʹ′lacZ	  was	  transduced	  into	  NM200	  to	  create	  JH298.	  A	  tetR-­‐Cp19	  PCR	  product	  generated	  using	  oligonucleotides	  O-­‐JH161/O-­‐JH175	  was	  used	  as	  a	  PCR	  template	  to	  generate	  tetR-­‐Cp19-­‐ʹ′manX	  (O-­‐JH163/O-­‐JH173),	  tetR-­‐Cp19-­‐ʹ′manX	  (O-­‐JH163/O-­‐JH239),	  tetR-­‐Cp19-­‐62-­‐manYʹ′	  (O-­‐JH163/O-­‐JH240),	  tetR-­‐Cp19-­‐40-­‐manYʹ′	  (O-­‐JH163/O-­‐JH288)	  and	  tetR-­‐Cp19-­‐25-­‐manYʹ′	  (O-­‐JH163/O-­‐JH273).	  These	  PCR	  products	  were	  recombined	  into	  JH298	  to	  create	  JH314,	  JH315,	  JH316,	  JH346	  and	  JH320,	  respectively.	  	   Chromosomal	  mutations	  in	  manX	  were	  made	  using	  the	  following	  method:	  a	  tetR	  cassette	  (generated	  with	  oligonucleotides	  O-­‐JH194/O-­‐JH255)	  was	  inserted	  into	  
manX	  so	  that	  nucleotides	  to	  be	  targeted	  for	  mutation	  were	  deleted.	  The	  resulting	  strain	  was	  named	  JH245.	  A	  PCR	  product	  (obtained	  using	  oligonucleotides	  O-­‐JH211/O-­‐JH134)	  containing	  the	  CAC	  to	  GUG	  manX	  mutation	  and	  a	  kanR	  cassette	  at	  the	  desired	  lacZ	  fusion	  junction	  was	  recombined	  into	  JH245	  creating	  JH249.	  The	  
manXYʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  then	  constructed	  as	  described	  previously	  by	  flipping	  out	  the	  kanR	  cassette	  and	  replacing	  with	  ʹ′lacZ	  (34)	  to	  create	  JH250.	  Another	  tetR	  cassette	  was	  inserted	  into	  manX	  at	  a	  different	  site	  using	  a	  PCR	  product	  generated	  by	  primers	  O-­‐JH285/O-­‐JH286;	  the	  resulting	  strain	  was	  JH339.	  To	  make	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the	  strain	  JH340	  containing	  the	  manX	  CAC	  to	  GUG	  mutation	  under	  the	  control	  of	  the	  Cp19	  promoter,	  a	  PCR	  product	  containing	  the	  mutation	  linked	  to	  a	  kanR-­‐Cp19	  cassette	  (amplified	  using	  O-­‐JH104/O-­‐JH287)	  was	  recombined	  into	  JH339	  and	  colonies	  were	  screened	  for	  tet	  sensitivity.	  The	  resulting	  kanR-­‐Cp19-­‐manXGUGYZ	  cassette	  was	  transduced	  into	  various	  backgrounds	  to	  create	  JH341	  and	  JH342.	  
	   Chromosomal	  mutations	  in	  manY	  were	  made	  by	  the	  same	  method	  described	  above;	  a	  tetR	  cassette	  (generated	  with	  oligonucleotides	  O-­‐JH274/O-­‐JH275)	  was	  inserted	  into	  manY	  to	  create	  strain	  JH321.	  A	  PCR	  product	  (obtained	  using	  oligonucleotides	  O-­‐JH134/O-­‐JH276)	  containing	  the	  G39C	  and	  T35A	  mutations	  and	  a	  kanR	  cassette	  at	  the	  desired	  lacZ	  fusion	  junction	  was	  recombined	  into	  JH321.	  The	  
manXY66ʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  then	  constructed	  as	  described	  previously	  by	  flipping	  out	  the	  kanR	  cassette	  and	  replacing	  with	  ʹ′lacZ	  (34)	  to	  create	  JH323.	  A	  tetR-­‐Cp19-­‐manYS1	  cassette	  (generated	  with	  oligonucelotides	  O-­‐JH163/O-­‐JH283)	  was	  recombined	  into	  JH328	  to	  create	  JH332.	  	   The	  cusFʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  created	  as	  described	  previously	  (34)	  using	  primers	  O-­‐RY110/O-­‐RY112	  to	  fuse	  lacZ	  to	  the	  5th	  codon	  of	  cusF	  and	  truncate	  the	  signal	  sequence.	  	  The	  fusion	  was	  transduced	  into	  various	  backgrounds	  (See	  Table	  2.1)	  to	  create	  RY108,	  RY112	  and	  RY115.	  	  fluʹ′-­‐ʹ′lacZ	  was	  created	  using	  the	  same	  method	  and	  primers	  O-­‐RY103/O-­‐RY104	  to	  fuse	  lacZ	  to	  the	  5th	  codon	  of	  flu.	  	  The	  fusion	  was	  transduced	  into	  various	  backgrounds	  (See	  Table	  2.1)	  to	  create	  RY110,	  RY113	  and	  RY116.	  	  The	  zraPʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  created	  using	  the	  same	  method	  and	  primers	  O-­‐RY108/O-­‐RY111	  to	  fuse	  lacZ	  to	  the	  15th	  codon	  of	  zraP	  and	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truncate	  the	  signal	  sequence.	  	  The	  fusion	  was	  transduced	  into	  various	  backgrounds	  (See	  Table	  2.1)	  to	  create	  RY111,	  RY114	  and	  RY118.	  	  	  The	  PBAD-­‐adiYʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  constructed	  as	  described	  previously	  (84)	  using	  primers	  O-­‐RY129/O-­‐RY130	  to	  create	  RY119.	  	  The	  PBAD-­‐asdʹ′-­‐
ʹ′lacZ	  translational	  fusion	  was	  created	  using	  the	  same	  method	  but	  with	  the	  additional	  5ʹ′	  RACE	  step	  using	  oligonucleotide	  O-­‐RY131	  for	  reverse	  transcription	  of	  asd.	  Primers	  PBAD/O-­‐RY134	  were	  used	  to	  fuse	  lacZ	  to	  the	  10th	  codon	  of	  asd	  creating	  RY120.	  	  	   The	  PBAD-­‐25-­‐adiYʹ′-­‐ʹ′lacZ	  and	  PBAD-­‐25-­‐asdʹ′-­‐ʹ′lacZ	  translational	  fusions	  were	  constructed	  using	  the	  previously	  described	  method	  (84)	  and	  primers	  O-­‐RY142/O-­‐RY150	  and	  O-­‐RY142/O-­‐RY152	  to	  create	  RY123	  and	  RY125,	  respectively.	  	  PBAD-­‐
adiY24ʹ′-­‐ʹ′lacZ	  	  was	  constructed	  using	  primers	  PBAD/O-­‐RY158	  to	  create	  RY124	  and	  PBAD-­‐asd24ʹ′-­‐ʹ′lacZ	  was	  constructed	  using	  primers	  PBAD/O-­‐RY159	  to	  create	  RY126.	  In	  both	  of	  these	  fusions,	  a	  single-­‐nucleotide	  deletion	  occurred	  in	  the	  coding	  region	  that	  maintained	  the	  reading	  frame.	  PBAD-­‐25-­‐adiY(MUT)ʹ′-­‐ʹ′lacZ	  and	  PBAD-­‐25-­‐adiY(MUT)ʹ′-­‐
ʹ′lacZ	  were	  constructed	  using	  primers	  O-­‐RY130/O-­‐RY154	  and	  O-­‐RY130/O-­‐RY157	  to	  create	  RY131	  and	  RY133,	  respectively.	  	   	  
	   35	  
Table	  2.1.	  	  Strains	  and	  plasmids	  used	  in	  this	  work.	  Strain	  or	  Plasmid	   Description	   Source	  or	  Reference	  Strains	   	   	  DJ480	   MG1655	  Δlac	  X74	   D.	  Jin,	  NCI	  NM200	   MG1655	  Δlac	  X74, mini λ::Cm (carries λ	  red	  recombination	  functions)	   N. Majdalani, NCI	  BAH100	   λatt::PsgrS-­‐lacZ	   This	  study	  CS100	   DJ480	  sgrS::cat-­‐sacB,	  mini	  λTet	   (146)	  CS104	   CS100	  ΔsgrS	   (146)	  CS177	   BAH100	  ptsG::catR	   This	  study	  CS178	   BAH100	  manXYZ::kanR	   This	  study	  CS179	   CS177	  manXYZ::kanR	   This	  study	  CV100	   DJ480	  ΔsgrS::	  kanR	   (143)	  EM1264	   hfq::cat	   (86)	  EM1277	   DJ480	  rne-­‐3071	  zce-­‐726::Tn10	   (85)	  EM1377	   DJ480	  rne131	  zce-­‐726::Tn10	   (85)	  JNB034	   MG1655 kanR -Cp19-gltP N. Majdalani, 
NCI PM1205	   mal::lacI q, ΔaraBAD araC+, lacI’::PBAD-cat-sacB-lacZ, 
mini λ tetR	   (84)	  JH111	   CS104	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   (146)	  JH113	   DJ480	  manX::	  kanR	   This	  study	  JH114	   DJ480	  manX'-­‐'lacZ,	  kanR	   This	  study	  JH115	   CS104	  manX'-­‐'lacZ,	  kanR	   This	  study	  JH116	   JH111	  manX'-­‐'lacZ,	  kanR	   This	  study	  JH124	   DJ480	  Cp19-­‐manXYZ,	  kanR	   This	  study	  JH125	   CS104	  Cp19-­‐manXYZ,	  kanR	   This	  study	  JH131	   NM200	  Cp19-­‐manXYZ,	  kanR	   This	  study	  JH136	   NM200	  Cp19-­‐manXYZ	   This	  study	  JH138	   DJ480	  Cp19-­‐	  manX'-­‐'lacZ,	  kanR	   This	  study	  JH143	   CS104	  Cp19-­‐	  manX'-­‐'lacZ,	  kanR	   This	  study	  JH147	   DJ480	  Cp19-­‐20nt-­‐manXYZ	   This	  study	  JH148	   CS104	  Cp19-­‐20nt-­‐manXYZ	   This	  study	  JH149	   NM200	  manX'-­‐'lacZ,	  kanR	   This	  study	  JH154	   Cp19-­‐ptsG,	  kanR	   This	  study	  JH157	   DJ480	  Cp19-­‐ptsG	   This	  study	  JH158	   CS104	  Cp19-­‐ptsG	   This	  study	  JH169	   DJ480	  ptsG'-­‐'lacZ,	  kanR	   This	  study	  JH171	   JH111	  ptsG'-­‐'lacZ,	  kanR	   (14)	  JH172	   NM200	  ptsG'-­‐'lacZ,	  kanR	   This	  study	  JH175	   JH111	  Cp19-­‐manX'-­‐'lacZ,	  tetR	   This	  study	  JH181	   JH111	  Cp19-­‐manX30'-­‐'lacZ,	  tetR	   This	  study	  JH184	   JH111	  Cp19-­‐	  ptsG'-­‐'lacZ,	  tetR	   This	  study	  JH193	   JH111	  Cp19-­‐	  manX'-­‐'lacZ,	  kanR	   This	  study	  JH197	   NM200	  manX::tetR	  (downstream	  start	  codon)	   This	  study	  JH208	   JH197	  manXGUG::	  kanR	  (C143T)	   This	  study	  JH212	   JH208	  manXC143T'-­‐'lacZ,	  kanR	  (C143T)	   This	  study	  JH213	   JH111	  manXC126A'-­‐'lacZ,	  kanR	  (C126A)	   This	  study	  JH214	   JH111	  manXT127A'-­‐'lacZ,	  kanR	  (T127A)	   This	  study	  JH215	   JH111	  manXA142C'-­‐'lacZ,	  kanR	  (A142C)	   This	  study	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Table	  2.1.	  (cont.)	   	  	   	   	  JH216	   JH111	  manXC143T'-­‐'lacZ,	  kanR	  (C143T)	   This	  study	  JH225	   JH111	  manXT124G'-­‐'lacZ,	  kanR	  (T124G)	   This	  study	  JH226	   JH111	  manXC126G'-­‐'lacZ,	  kanR	  (C126G)	   This	  study	  JH227	   JH197	  manXGUG::	  kanR	  (G141G,	  A142T,	  C143G)	   This	  study	  JH228	   JH227	  manXGUG'-­‐'lacZ,	  kanR	  (G141G,	  A142T,	  C143G)	   This	  study	  JH229	   JH111	  manXGUG'-­‐'lacZ,	  kanR	  (G141G,	  A142T,	  C143G)	   This	  study	  JH232	   JH111	  manXYp'-­‐'lacZ,	  kanR	   This	  study	  JH236	   EM1377	  manX'-­‐'lacZ,	  kanR	   This	  study	  JH237	   EM1377	  manXY'-­‐'lacZ,	  kanR	   This	  study	  JH238	   EM1377	  ptsG'-­‐'lacZ,	  kanR	   This	  study	  JH239	   NM200	  manX::	  tetR	  (upstream	  start	  codon)	   This	  study	  JH240	   JH239	  manXATG::kan,	  kanR	  (G116A)	   This	  study	  JH241	   JH240	  manXATG'-­‐'lacZ,	  kanR	  (G116A)	   This	  study	  JH244	   JH111	  manXATG'-­‐'lacZ,	  kanR	  (G116A)	   This	  study	  JH246	   JH236	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  JH247	   JH237	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  JH248	   JH238	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  JH251	   EM1377	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  JH253	   JH251	  manXGUG'-­‐'lacZ,	  kanR	   This	  study	  JH254	   DJ480	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  JH255	   JH254	  manX'-­‐'lacZ,	  kanR	   This	  study	  JH256	   JH254	  manXY'-­‐'lacZ,	  kanR This	  study	  JH257	   JH254	  manXGUGY'-­‐'lacZ,	  kanR	   This	  study	  JH258	   JH254	  ptsG'-­‐'lacZ,	  kanR	   This	  study	  JH264	   JH111	  manXEc'-­‐'lacZ,	  kanR	   This	  study	  JH273	   EM1377	  ΔsgrS::	  kanR	   This	  study	  JH274	   JH251	  manXYZ'-­‐'lacZ,	  kanR	   This	  study	  JH275	   JH254	  manXYZ'-­‐'lacZ,	  kanR	   This	  study	  JH298	   NM200	  manXY66'-­‐'lacZ,	  kanR	   This	  study	  JH314	   JH111	  Cp19-­‐manXY66'-­‐'lacZ,	  kanR,	  tetR	   This	  study	  JH315	   JH111	  Cp19-­‐'manXY66'-­‐'lacZ,	  kanR,	  tetR	   This	  study	  JH316	   JH111	  Cp19-­‐62-­‐manY66'-­‐'lacZ,	  kanR,	  tetR	   This	  study	  JH320	   JH111	  Cp19-­‐25-­‐manY66'-­‐'lacZ,	  kanR,	  tetR	   This	  study	  JH325	   JH111	  manXFREQ'-­‐'lacZ,	  kanR	  (A134C,	  T135C)	   This	  study	  JH332	   JH111	  Cp19-­‐62-­‐manYS1'-­‐'lacZ,	  kanR,	  tetR	   This	  study	  JH341	   DJ480	  manXGUGYZ,	  kanR	   This	  study	  JH342	   CS104	  manXGUGYZ,	  kanR	   This	  study	  JH346	   JH111	  Cp19-­‐25-­‐manY66'-­‐'lacZ,	  kanR,	  tetR	   This	  study	  RY106	   NM200	  cusF’-­‐frt-­‐kan-­‐frt-­‐‘cusF,	  kanR	   This	  study	  RY107	   NM200	  flu’-­‐frt-­‐kan-­‐frt-­‐‘flu,	  kanR	   This	  study	  RY108	   NM200	  zraP’-­‐frt-­‐kan-­‐frt-­‐‘zraP,	  kanR	   This	  study	  RY109	   DJ480	  cusF’-­‐‘lacZ,	  kanR	   This	  study	  RY110	   DJ480	  flu’-­‐‘lacZ,	  kanR	   This	  study	  RY111	   DJ480	  zraP’-­‐‘lacZ,	  kanR	   This	  study	  RY112	   CS104	  cusF’-­‐‘lacZ,	  kanR	   This	  study	  RY113	   CS104	  flu’-­‐‘lacZ,	  kanR	   This	  study	  RY114	   CS104	  zraP’-­‐‘lacZ,	  kanR	   This	  study	  RY115	   JH111	  cusF’-­‐‘lacZ,	  kanR	   This	  study	  RY116	   JH111	  flu’-­‐‘lacZ,	  kanR	   This	  study	  RY118	   JH111	  zraP’-­‐‘lacZ,	  kanR	   This	  study	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Table	  2.1.	  (cont.)	  	   	   	  RY119	   PM1205	  adiY’-­‐‘lacZ	   This	  study	  RY120	   PM1205	  asd’-­‐‘lacZ	   This	  study	  RY121	   RY119	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  RY122	   RY120	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  RY123	   PM1205	  PBAD-­‐25nt-­‐adiY’-­‐‘lacZ	   This	  study	  RY124	   PM1205	  PBAD-­‐adiY24’-­‐‘lacZ	   This	  study	  RY125	   PM1205	  PBAD-­‐25nt-­‐asd’-­‐‘lacZ	   This	  study	  RY126	   PM1205	  PBAD-­‐asd24’-­‐‘lacZ	   This	  study	  RY127	   RY123	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  RY128	   RY124	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  RY129	   RY125	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  RY130	   RY126	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  RY131	   RY123	  (C99G,	  C101G)	   This	  study	  RY132	   RY123	  (G103C)	   This	  study	  RY133	   RY123	  (T111C)	   This	  study	  RY134	   RY131	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  RY136	   RY133	  λattB::lacIq-­‐	  PN25tetR-­‐specR	   This	  study	  	   	   	  	   	   	  Plasmids	   	   	  pHDB3	   pBR322	  derivative;	  vector	  control	   (62)	  pLCV1	   pHDB3	  PLlacO-­‐sgrSK12	   (143)	  pBRJH19	   pLCV1	  PLlacO-­‐sgrS10	  (SgrS	  168-­‐172	  GUG	  to	  CAC)	   This	  study	  pBRJH23	   pLCV1	  PLlacO-­‐sgrS23	  (SgrS	  A5U,	  168-­‐172	  GUG	  to	  CAC)	   This	  study	  pBRJH24	   pLCV1	  PLlacO-­‐sgrS24	   This	  study	  pBRJH26	   pLCV1	  PLlacO-­‐sgrS26	  (SgrS	  G168A)	   This	  study	  pBRCS6	   pHDB3	  PLlacO-­‐sgrS1	   (146)	  pBRCS22	   pHDB3	  PLlacO-­‐sgrSSt	   (146)	  pBRCS28	   pHDB3	  PLlacO-­‐sgrSYp	   (146)	  pBRCS34	   pHDB3	  PLlacO-­‐sgrSEc	   (146)	  pBRCS35	   pHDB3	  PLlacO-­‐sgrSKp	   (146)	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Table	  2.2.	  	  Oligonucleotides	  used	  to	  construct	  strains	  and	  plasmids.	  Primer	  or	  Probe	  Name	   Sequence	  5'-­‐3'	  O-­‐BAH102	   CCCGGATCCCATCGTTAGGAATTATTGACTTAATATAGG O-­‐CV142	   CCCGAATTCAAAAGAAACGCCAGTGAAGCGGTG O-­‐JH104	   TTACCTTTCGAAATTTCTGCTAATCGAAAGTTAAATTACGGTGTAGGCTGGAGCTGCTTCG O-­‐JH108	   /5Bio/AGCCGAGGTAGAAGAACGGCATCAGGTAGCCAGCACGCAT (manY probe) O-­‐JH119	   CGATCCAGCCGACGTTTTTCCTGCTCGCCTAACAGCATT O-­‐JH120	   CGCGATTAGCGGACGGTGAAACTGAAATTCATCG O-­‐JH129	   GCAGAAATGCTGTTAGGCGAGCAGGAAAACGTCGGCTGGATCATTCCGGGGATCCGTCGA O-­‐JH130	   TTTCACGCCGCCTTCAACGAGACGCTCTACATCTGTTGGGTTGTGTAGGCTGGAGCTGCT O-­‐JH133	   GATAAGGCTGCTGATAACGGCAACCTGACAGCGATTTCCTGGATTCCGGGGATCCGTCGA O-­‐JH134	   GTTGATAACCATCGCATAACCAACCACCACGATCATGCCACCGTGTAGGCTGGAGCTGCT O-­‐JH135	   GTCTCTCGCATTACTGACCAGACGGGCAAAGAACACGTTACTATTCCGGGGATCCGTCGA O-­‐JH136	   CGAAGAAGCCAACGATGATCCACAGCGGGTTAACTTTTTTGCGTGTAGGCTGGAGCTGCT O-­‐JH137	   ATTCAGATAAGGGCTACAACCAAAAACCCCTGCGTTTCGCCAGTACTTAGTATTATACACC
CGAAGCACACAATGTC O-­‐JH139	   CCGATGTTCATCCAGCCCAGCGCGATCATTTCC O-­‐JH150	   ATAACAATAGCAATGGTCACTTGCTACCTCCTTTATTATCTAACTATTATATCAACCCGG O-­‐JH153	   GTCAAAATGTGCAACTTCTCCAATGATCTGAAGTTGAAAGTGTAGGCTGGAGCTGCTTCG O-­‐JH154	   GCCTCGCCGTGTACAGGGCATCTAAGCGCCCTTTATTTATTAACTATTATATCAACCCGGA
TCCC O-­‐JH161	   CTAGACATCATTAATTCCTAATTTTTGTTGACACTC O-­‐JH163	   TTACCTTTCGAAATTTCTGCTAATCGAAAGTTAAATTACGCTAGACATCATTAATTCCTAA
TTTTTGTTGACACTC O-­‐JH169	   AAAAAAAACCAGCAGGTATAATCTGCTGGCGGG O-­‐JH170	   TGTCAAAATGTGCAACTTCTCCAATGATCTGAAGTTGAAACTAGACATCATTAATTCCTAA
TTTTTGTTGACACTC O-­‐JH171	   CACCTCAACGTGCCAGATGTATTTTTGAATCGTCGTCCACTAACTATTATATCAACCCGGA
TCCCTCCTG O-­‐JH173	   ATTCAGATAAGGGCTACAACCAAAAACCCCTGCGTTTCGCTAACTATTATATCAACCCGGA
TCCCTCCTG O-­‐JH174	   CAATGGTCACTTGCTACCTCCTTTATTATCGTTAACACCTTAACTATTATATCAACCCGGA
TCCCTCCTG O-­‐JH175	   TAACTATTATATCAACCCGGATCCCTCCTGTCAAGAAAAACTAAGCGATGAGGTTTTATTT
GAAGCTAAATCTTCTTTATCG O-­‐JH194	   GGAGGTAGCAAGTGACCATTGCTATTGTTATAGGCACACACTAGACATCATTAATTCCTAA
TTTTTGTTGACACTC O-­‐JH195	   TTTCACGCCGCCTTCAACGAGACGCTCTACATCTGTTGGGTTAGGTTTTATTTGAAGCTAA
ATCTTCTTTATCG O-­‐JH199	   GTTGAGGTGTTAACGATAATAAAGGAGGTAGCAAGTGACCATTGCTATTGTTATAGGCACA
TATGGTTGGGCTGCAGAGCA O-­‐JH209	   CTGAAAGTTGACTTGCCTGCATCATCACTGACTGAGTATTGGTG O-­‐JH210	   CACCAATACTCAGTCAGTGATGATGCAGGCAAGTCAACTTTCAG O-­‐JH211	   GTTGAGGTGTTAACGATAATAAAGGAGGTAGCAAGTGACCATTGCTATTGTTATAGGCAGT
GATGGTTGGGCTGCAGAGCA O-­‐JH212	   CTTCATCACATAAAATAATTTTTTCGATATCTAAAATAAATCGCGACAAGCGAATATTGCG
ACTATC O-­‐JH213	   GATATAAGCAACATTACTCTGTTCACC O-­‐JH214	   GATTTTAGGTGAACAGAGTAATGTTGCTTATATCATTCCGGGGATCCGTCGA O-­‐JH215	   CTTCATCACATAAAATAATTTTTTCGATATCTAAAATAAATCGTAAAATTTTTTCTTGCAG
CCATACTAATACCG O-­‐JH216	   GATCCAGGCGACATTACTTTGTTCGCC 
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Table	  2.2.	  (cont.) 	    O-­‐JH217	   GATTCTTGGCGAACAAAGTAATGTCGCCTGGATCATTCCGGGGATCCGTCGA O-­‐JH218	   TAATACGACTCACTATAGGGGATGAAGCAAGGGGGTGCCCCATG O-­‐JH219	   TAATACGACTCACTATAGGGGCGAAACGCAGGGGTTTTTGGTTGTAG O-­‐JH220	   CAAAAATACATCTGGCACGTTGAGGTGTTAACGATAATAACTAGACATCATTAATTCCTAA
TTTTTGTTGACACTC O-­‐JH221	   GGCACGTTGAGGTGTTAACGATAATAAAGGAGGTAGCAAATGACCATTGCTATTGTTATAG
GCAC O-­‐JH236	   GTTTTTTTTAATACGACTCACTATAGGATAAATAAAGGGCGCTTAGATGCCCT O-­‐JH239	   TTTCACGCCGCCTTCAACGAGACGCTCTACATCTGTTGGGTTTAACTATTATATCAACCCG
GATCCCTCCTG O-­‐JH240	   AGACTTAAGTGTGAAAACTGAGTGATAATCAACACAATACGTAACTATTATATCAACCCGG
ATCCCTCCTG O-­‐JH241	   GCGGAACCGACGCCCAGCAG O-­‐JH250	   TGCTGGTATTTATCGTAGCCTGTATCGCAGGTATGGGATCAATTCCGGGGATCCGTCGA O-­‐JH252	   GTGAGCGGATAACAAGATACTGAGCACGATGTAGCAAGGGGGTGCCCCATGCGTCAGCAC O-­‐JH253	   TTCTGAAAGTTGACTTGCCTGCATCATGTGTGTGTGAGTATTGGTGTAAAATCACCCGCCA
GCAG O-­‐JH255	   CCACACGCATTGCTTGCAGGAACAGAGAAGAAACGTGGATAGGTTTTATTTGAAGCTAAAT
CTTCTTTATCG O-­‐JH260	   TTCTGAAAGTTGACTTGCCTGCATCATATGTGACTGAGTATTGGTGTAAAATCACCCG O-­‐JH273	   GAGTGGTAATCTCCATTGTACTTCTCCTGTTTACGTAAGACTAACTATTATATCAACCCGG
ATCCCTCCTG O-­‐JH274	   GATCAGCAAAATCGATAAGTAACGTATTGTGTTGATTATCCTAGACATCATTAATTCCTAA
TTTTTGTTGACACTC O-­‐JH275	   ACGCGATTAGCGGACGGTGAAACTGAAATTCATCGAGGATAGGTTTTATTTGAAGCTAAAT
CTTCTTTATCG O-­‐JH276	   GATCAGCAAAATCGATAAGTAACGTATTGTGTTGATTATCAGTGAGTTTTCACACTTAAGT
CTTACGTAAACAG O-­‐JH283	   AGACTTAAGTGTGTAAAGTGAGTGATAATCAACACAATACGTAACTATTATATCAACCCGG
ATCCCTCCTG O-­‐JH285	   GAAATTTCTGCTAATCGAAAGTTAAATTACGGATCTTCATCACCTAGACATCATTAATTCC
TAATTTTTGTTGACACTC O-­‐JH286	   GCCTAACAGCATTTCTGCCGTTTTAAGCAACTGCTCTGCAGAGGTTTTATTTGAAGCTAAA
TCTTCTTTATCG O-­‐JH287	   GCCTAACAGCATTTCTGCCGTTTTAAGCAACTGCTCTGCAGCCCAACCATCACTGCCTATA
ACAATAGCAATGGTCACTTG O-­‐JH288	   CCATTGTACTTCTCCTGTTTACGTAAGACTTAAGTGTGAAAACTTAACTATTATATCAACC
CGGATCCCTCCTG O-­‐RY103	   TCACCCTCAATCTAAGGAAAAGCTGATGAAACGACATCTGATTCCGGGGATCCGTCGA O-­‐RY104	   CGCCCGTCATGTGATTCCATACCAGCCTGTAGCAGGTATTGTGTAGGCTGGAGCTGCT O-­‐RY108	   GTTCGCTGGTCAAAGGCGCGGCATTTTGCTGCCACATACCGTGTAGGCTGGAGCTGCT O-­‐RY110	   CCACGCCAGTGGCGCTAATAACCTGTGGTTGTGCTTCGCTGTGTAGGCTGGAGCTGCT O-­‐RY111	   TAAGACAACCACTGGAGGATTAACCATGAAACGGAACACGATTCCGGGGATCCGTCGA O-­‐RY112	   GACTTTTAACTCCAGGAGAGAATAAATGAAAAAAGCACTGATTCCGGGGATCCGTCGA O-­‐RY129	   ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATAAACTCGTTATTTTTATGCAT
GTTTATATTC O-­‐RY130	   TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACAGTCAATAAAACAATACAAGG
TTG O-­‐RY131	   GTCGCGCTCTTCAACCATGCGTTG O-­‐RY134	   TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGAGCCGACCATACCGCGCCA
GCCG O-­‐RY141	   CGACGAATTCGCGCTTCAGCCATACTTTTCATAC O-­‐RY142	   GTTTTCCCAGTCACGACGTTG 
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Table	  2.2.	  (cont.) 	    O-­‐RY148	   GAAAGTTGACTTGCCTGCATCATCTGTGACTGAGTATTGGTGTAAAATC 	    O-­‐RY150	   ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATTTTATTCGCACTCAGGAGTAC
ATG O-­‐RY152	   ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATACATCTTTGCAGGAAAAAAAC
GC O-­‐RY154	   ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATTTTATTCGCAGTGAGGAGTAC
ATGTATGAGGATTTGCAG O-­‐RY156	   ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATGTGCCAAGAGGAGACCGGCAC O-­‐RY157	   ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATTTTATTCGCACTCAGGAG 
TACACGTATGAGGATTTGCAGCGACC O-­‐RY158	   TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACAGGTTGGTCGCTGCAAATCCT
C O-­‐RY159	   TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGCCGATAAAACCAACATTTTT
CATAAG PBAD	   ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCAT SsrA-­‐bio	  	   /5Bio/CGCCACTAACAAACTAGCCTGA (ssrA probe) 
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2.2.	  	  Media	  and	  reagents	  Bacteria	  were	  cultured	  in	  LB	  medium	  or	  on	  LB	  agar	  plates	  at	  37ºC	  unless	  otherwise	  noted.	  	  TB	  medium	  (Bacto	  Tryptone,	  BD)	  was	  used	  for	  β-­‐galactosidase	  assays.	  	  Media	  were	  supplemented	  with	  100	  μg/ml	  ampicillin	  where	  indicated.	  	  IPTG	  was	  used	  at	  a	  concentration	  of	  0.1	  mM	  for	  induction	  of	  Plac-­‐sgrS.	  	  MOPS	  (morpholinepropanesulfonic	  acid)	  rich	  defined	  medium	  (Teknova)	  with	  0.2%	  mannose	  as	  a	  carbon	  source	  was	  used	  for	  culturing	  cells	  for	  RNA	  extraction	  for	  5'	  RACE.	  MOPS	  rich	  defined	  medium	  with	  0.2%	  glucose,	  0.2%	  mannose	  or	  0.4%	  glycerol	  as	  a	  carbon	  source	  was	  used	  for	  culturing	  cells	  for	  RNA	  extraction	  where	  noted.	  MacConkey	  indicator	  plates	  supplemented	  with	  1%	  lactose	  were	  used	  to	  measure	  PsgrS-­‐lacZ	  activity.	  	  For	  construction	  of	  PBAD-­‐lacZ	  fusions	  (84),	  minimal	  sucrose	  plates	  (M63	  salts,	  0.2%	  glycerol,	  5%	  sucrose)	  were	  prepared	  with	  x-­‐gal.	  	  Cells	  were	  resuspended	  in	  M63	  with	  0.2%	  fructose	  prior	  to	  spreading.	  Recombinants	  were	  purified	  on	  LB	  with	  x-­‐gal	  and	  0.0005%	  arabinose.	  
	  
2.3.	  	  β-­‐galactosidase	  assays	  Strains	  containing	  translational	  fusions	  were	  grown	  overnight	  in	  TB	  medium	  and	  subcultured	  1:200	  to	  fresh	  medium.	  	  Cultures	  were	  grown	  to	  an	  OD600	  ~0.1	  at	  which	  time	  0.5%	  αMG	  or	  0.1	  mM	  IPTG	  was	  added	  to	  cells.	  	  Samples	  were	  taken	  at	  times	  indicated	  and	  assayed	  for	  β-­‐galactosidase	  activity	  as	  described	  previously	  (92).	  	  Activities	  (in	  Miller	  Units)	  were	  normalized	  to	  ΔsgrS	  or	  empty	  vector	  control	  to	  give	  the	  %	  Relative	  Activity	  for	  experimental	  samples.	  
	  
	   42	  
2.4.	  	  RNA	  extraction	  and	  northern	  blot	  analysis	  Strains	  were	  grown	  in	  LB	  medium	  to	  OD600	  ~0.5	  and	  exposed	  to	  0.5%	  αMG.	  	  RNA	  was	  extracted	  at	  times	  indicated	  by	  the	  hot	  phenol	  method	  as	  described	  previously	  (2).	  	  The	  RNA	  concentration	  was	  determined	  spectrophotometrically.	  	  Fifteen	  μg	  of	  total	  RNA	  was	  used	  for	  electrophoresis	  and	  run	  on	  a	  1.2%	  agarose	  gel	  alongside	  the	  Millenium	  Marker	  (Ambion)	  at	  90	  V	  for	  ~1.5	  hours.	  	  RNA	  was	  transferred	  to	  a	  membrane	  as	  described	  previously	  (79).	  	  Prehybridization	  was	  performed	  in	  ULTRAhyb	  (Ambion)	  solution	  at	  42ºC	  for	  at	  least	  45	  min.	  	  Blots	  were	  subsequently	  probed	  overnight	  with	  a	  5'-­‐biotinylated	  probe,	  O-­‐JH108	  for	  manY	  or	  SsrA-­‐bio	  for	  ssrA.	  	  Detection	  was	  performed	  according	  to	  BrightStar	  BioDetect	  kit	  (Ambion)	  specifications.	  	  	  
2.5.	  	  5'	  RACE	  5'	  RACE	  was	  performed	  as	  described	  previously	  (4)	  using	  the	  manY-­‐specific	  primer	  O-­‐JH139	  with	  RNA	  isolated	  from	  DJ480	  cells	  grown	  to	  an	  OD600	  ~0.5	  in	  minimal	  MOPS	  +	  0.2%	  mannose.	  
	  
2.6.	  	  SgrS	  random	  mutagenesis	  The	  sgrS	  region	  of	  Plac-­‐sgrS	  (pLCV1)	  was	  mutated	  using	  the	  GeneMorph	  EZclone	  II	  kit	  (Stratagene)	  and	  the	  resulting	  mutated	  plasmid	  library	  was	  transformed	  into	  a	  manX`-­‐`lacZ,	  sgrS-­‐,	  lacIq+	  strain	  (JH116).	  Mutant	  plasmids	  that	  were	  unable	  to	  regulate	  manX`-­‐`lacZ	  activity	  were	  isolated	  and	  transformed	  into	  a	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ptsG`-­‐`lacZ,	  ΔsgrS,	  lacIq+	  strain	  (JH171).	  	  Plasmids	  that	  negatively	  regulated	  ptsG`-­‐
`lacZ	  activity	  were	  sequenced.	  
	  
2.7.	  	  In	  vitro	  RNA	  footprinting	  
In	  vitro	  transcription	  templates	  were	  generated	  by	  PCR	  using	  gene-­‐specific	  oligonucleotides	  containing	  the	  T7	  promoter	  sequence.	  	  Oligos	  O-­‐JH218/O-­‐JH169	  were	  used	  to	  generate	  a	  manX	  template	  (-­‐115	  to	  +102	  relative	  to	  the	  translational	  start	  site),	  oligos	  O-­‐JH236/O-­‐JH241	  were	  used	  to	  generate	  a	  ptsG	  template	  (-­‐103	  to	  +104	  relative	  to	  the	  translational	  start	  site),	  	  oligos	  O-­‐JH251/O-­‐JH120	  were	  used	  to	  generate	  the	  manY	  template	  (from	  -­‐62	  to	  +107	  relative	  to	  the	  translational	  start	  site)	  and	  oligos	  O-­‐JH219/O-­‐JH119	  were	  used	  to	  generate	  an	  sgrS	  template.	  	  In	  vitro	  transcription	  was	  performed	  with	  the	  PCR	  templates	  using	  the	  MEGAscript	  T7	  Kit	  (Ambion).	  	  The	  resulting	  RNA	  was	  5'-­‐end	  labeled	  using	  the	  KinaseMax	  Kit	  (Ambion).	  	  Footprinting	  reactions	  were	  performed	  as	  described	  previously	  (29)	  with	  the	  following	  changes.	  	  Unlabeled	  SgrS	  (10	  pmol),	  manX	  mRNA	  or	  ptsG	  mRNA	  was	  incubated	  with	  0.1	  pmol	  of	  5'-­‐end	  labeled	  manX	  mRNA,	  ptsG	  mRNA	  or	  SgrS	  at	  37ºC	  for	  15	  minutes	  in	  1X	  Structure	  Buffer	  (Ambion)	  in	  the	  presence	  or	  absence	  of	  300	  nM	  Hfq.	  
	  
2.8.	  	  RNA	  structure	  analysis	  RNA	  structure	  was	  analyzed	  using	  the	  RNA	  folding	  program	  Mfold	  (157).	  Structures	  with	  the	  lowest	  ΔG	  that	  more	  closely	  matched	  the	  footpriting	  experiments	  (if	  available)	  were	  used	  in	  further	  analyses.	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CHAPTER	  3	  
The	  small	  RNA	  SgrS	  controls	  sugar-­‐phosphate	  accumulation	  by	  
regulating	  multiple	  PTS	  genes	  
	  
3.1.	  	  Introduction	  Transcription	  of	  many	  bacterial	  sRNAs	  is	  activated	  under	  specific	  stress	  conditions	  and	  their	  activities	  aid	  cells	  in	  recovery	  from	  those	  stresses	  (151).	  	  Transcription	  of	  the	  sRNA	  SgrS	  is	  activated	  under	  glucose-­‐phosphate	  stress	  conditions	  in	  E.	  coli	  (141,	  143).	  SgrS	  promotes	  growth	  recovery	  by	  a	  base	  pairing-­‐dependent	  mechanism	  whereby	  SgrS	  pairs	  in	  an	  Hfq-­‐dependent	  manner	  with	  sequences	  overlapping	  the	  ribosome	  binding	  site	  of	  ptsG	  mRNA.	  As	  part	  of	  this	  regulation,	  the	  SgrS-­‐ptsG	  mRNA	  complex	  is	  degraded	  by	  the	  RNase	  E	  degradosome	  complex	  (98,	  99).	  	  Since	  several	  characterized	  bacterial	  sRNAs	  target	  multiple	  mRNAs	  and	  the	  base	  pairing	  function	  of	  E.	  coli	  SgrS	  is	  required	  for	  rescue	  from	  glucose-­‐phosphate	  stress,	  a	  preliminary	  microarray	  experiment	  was	  conducted	  to	  identify	  other	  putative	  SgrS	  targets.	  	  For	  this	  experiment,	  plasmid-­‐borne	  SgrS	  was	  induced	  from	  a	  heterologous	  promoter	  for	  5	  minutes	  in	  an	  sgrS	  mutant	  host	  growing	  in	  rich	  medium.	  	  The	  transcriptomes	  of	  vector	  control	  and	  SgrS-­‐expressing	  cells	  were	  compared	  and	  genes	  that	  were	  up-­‐	  or	  down-­‐regulated	  were	  identified	  (our	  unpublished	  data).	  	  As	  expected,	  ptsG	  mRNA	  levels	  were	  decreased	  upon	  SgrS	  induction,	  as	  were	  levels	  of	  another	  mRNA	  encoding	  a	  PTS	  transporter,	  manXYZ.	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In	  this	  chapter	  we	  show	  that	  the	  manXYZ	  polycistronic	  mRNA	  is	  negatively	  regulated	  by	  SgrS	  post-­‐transcriptionally	  through	  a	  base	  pairing	  mechanism	  involving	  sequences	  downstream	  of	  the	  manX	  ribosome	  binding	  site.	  	  Translation	  of	  
manX	  is	  inhibited	  and	  the	  entire	  manXYZ	  mRNA	  is	  degraded	  in	  an	  SgrS-­‐dependent	  manner	  under	  stress	  conditions.	  	  However,	  SgrS-­‐mediated	  repression	  of	  manX	  translation	  does	  not	  require	  RNase	  E,	  which	  suggests	  a	  ribosome	  occlusion	  mechanism	  of	  translational	  inhibition.	  	  The	  physiological	  relevance	  of	  SgrS-­‐mediated	  repression	  of	  manXYZ	  was	  demonstrated	  by	  the	  finding	  that	  EIIMan	  transports	  sugar	  analogs	  that	  induce	  the	  glucose-­‐phosphate	  stress	  response.	  	  	  	  
3.2.	  	  Results	  3.2.1.	  	  manXYZ	  is	  post-­‐transcriptionally	  regulated	  by	  SgrS	  Preliminary	  microarray	  results	  suggested	  that	  manXYZ	  mRNA	  is	  negatively	  regulated	  by	  SgrS	  (Chapter	  5).	  	  In	  order	  to	  investigate	  whether	  regulation	  of	  the	  polycistronic	  manXYZ	  mRNA	  by	  SgrS	  was	  direct,	  a	  translational	  manXʹ′-­‐ʹ′lacZ	  fusion	  was	  created	  at	  the	  manX	  locus.	  	  A	  synthetic	  constitutive	  promoter,	  Cp19	  (58),	  was	  used	  to	  drive	  transcription	  of	  the	  manXʹ′-­‐ʹ′lacZ	  fusion	  in	  order	  eliminate	  indirect	  effects	  due	  to	  transcriptional	  regulation	  (Fig.	  3.1).	  	  β-­‐galactosidase	  activities	  of	  wild-­‐type	  and	  ΔsgrS	  mutant	  cells	  harboring	  the	  fusions	  were	  monitored	  after	  stress	  was	  induced	  by	  addition	  of	  αMG	  to	  cultures.	  	  Wild-­‐type	  cells	  had	  approximately	  65%	  lower	  manXʹ′-­‐ʹ′lacZ	  fusion	  activity	  than	  ΔsgrS	  cells	  (~3-­‐fold	  repression,	  Fig.	  3.1B).	  	  These	  data	  indicate	  that	  manX	  is	  post-­‐transcriptionally	  regulated	  in	  an	  SgrS-­‐dependent	  manner	  under	  glucose-­‐phosphate	  stress	  conditions.	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To	  determine	  whether	  SgrS	  could	  regulate	  manX	  in	  the	  absence	  of	  other	  stress-­‐inducible	  factors,	  a	  Plac-­‐sgrS	  plasmid	  and	  an	  empty	  vector	  control	  were	  transformed	  into	  an	  sgrS	  mutant	  host	  containing	  the	  reporter	  constructs	  shown	  in	  Fig.	  1A.	  	  Regulation	  of	  manX	  translation	  in	  cells	  containing	  Plac-­‐sgrS	  was	  similar	  to	  that	  in	  cells	  where	  chromosomal	  sgrS	  expression	  was	  induced	  by	  αMG.	  	  Expression	  of	  the	  fusion	  was	  reduced	  upon	  sgrS	  induction	  after	  IPTG	  addition	  by	  75%	  (Fig.	  3.1C).	  	  These	  results	  suggest	  that	  SgrS	  is	  sufficient	  to	  regulate	  manX	  translation	  in	  the	  absence	  of	  other	  stress-­‐inducible	  factors.	  	  In	  order	  to	  compare	  SgrS	  regulation	  of	  
manX	  and	  ptsG,	  a	  Cp19-­‐ptsGʹ′-­‐ʹ′lacZ	  fusion	  was	  also	  analyzed	  for	  regulation	  by	  Plac-­‐
sgrS.	  	  The	  ptsGʹ′-­‐ʹ′lacZ	  fusion	  responded	  similarly	  to	  the	  manXʹ′-­‐ʹ′lacZ	  fusion;	  upon	  sgrS	  induction,	  it	  was	  downregulated	  by	  approximately	  75%	  (Fig.	  3.1C).	  	  Since	  ptsG	  mRNA	  is	  an	  established	  target	  of	  SgrS	  (60,	  143),	  this	  finding	  lends	  further	  weight	  to	  the	  hypothesis	  that	  SgrS	  directly	  regulates	  manXYZ.	  	  Because	  manXʹ′-­‐ʹ′lacZ	  is	  regulated	  by	  SgrS	  in	  the	  absence	  of	  the	  downstream	  manY	  and	  manZ	  sequences,	  we	  hypothesized	  that	  base	  pairing	  between	  SgrS	  and	  the	  manXYZ	  transcript	  involves	  the	  manX	  translation	  initiation	  region.	  A	  manXʹ′-­‐ʹ′lacZ	  fusion	  under	  control	  of	  the	  native	  manX	  promoter	  was	  also	  tested	  for	  regulation	  by	  SgrS	  induced	  under	  stress	  conditions	  or	  from	  a	  plasmid.	  	  In	  all	  cases,	  the	  results	  were	  analogous	  to	  those	  for	  the	  Cp19-­‐controlled	  fusions	  (Fig.	  3.2).	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Figure	  3.1.	  	  manX	  translation	  is	  repressed	  in	  an	  SgrS-­‐dependent	  manner.	  A)	  Chromosomal	  lacZ	  translational	  fusions	  were	  constructed	  at	  the	  native	  loci.	  	  The	  native	  promoters	  of	  ptsG	  and	  manX	  were	  replaced	  with	  the	  constitutive	  Cp19	  promoter	  (58).	  	  B)	  	  Cp19-­‐manX'-­‐'lacZ	  strains	  in	  ΔsgrS	  (JH143)	  or	  sgrS+	  (wt,	  JH138)	  backgrounds	  were	  grown	  to	  early	  log	  phase	  and	  0.5%	  αMG	  was	  added.	  	  Samples	  were	  harvested	  60	  min	  after	  αMG	  addition	  and	  assayed	  for	  β-­‐galactosidase	  activity.	  	  Specific	  activities	  in	  all	  samples	  were	  normalized	  to	  the	  levels	  in	  the	  ΔsgrS	  strain	  to	  yield	  %	  relative	  activity	  (reported	  in	  the	  graph).	  	  Specific	  activity	  values	  in	  Miller	  Units	  are	  reported	  below	  the	  graph.	  	  C)	  	  Strains	  with	  Cp19-­‐manX'-­‐'lacZ	  (JH193)	  or	  Cp19-­‐ptsG'-­‐'lacZ	  (JH184)	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  were	  grown	  to	  early	  log	  phase	  and	  0.1	  mM	  IPTG	  was	  added.	  	  Samples	  were	  harvested	  60	  min	  after	  IPTG	  addition	  and	  assayed	  for	  β-­‐galactosidase	  activity.	  	  Specific	  activities	  were	  normalized	  and	  data	  reported	  as	  in	  part	  B	  .	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Figure	  3.2.	  manX	  translation	  is	  repressed	  in	  an	  SgrS-­‐dependent	  manner.	  A)	  Chromosomal	  lacZ	  translational	  fusions	  were	  constructed	  at	  the	  native	  loci.	  B)	  
manX'-­‐'lacZ	  strains	  in	  ΔsgrS	  (JH115)	  or	  sgrS+	  (wt,	  JH114)	  backgrounds	  were	  grown	  to	  early	  log	  phase	  and	  0.5%	  αMG	  was	  added.	  	  Samples	  were	  harvested	  60	  min	  after	  αMG	  addition	  and	  assayed	  for	  β-­‐galactosidase	  activity.	  	  Specific	  activities	  in	  all	  samples	  were	  normalized	  to	  the	  levels	  in	  the	  ΔsgrS	  strain	  to	  yield	  %	  relative	  activity	  (reported	  in	  the	  graph).	  	  Specific	  activity	  values	  in	  Miller	  Units	  are	  reported	  below	  the	  graph.	  	  C)	  manX'-­‐'lacZ	  (JH116)	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  was	  grown	  to	  early	  log	  phase	  and	  0.1	  mM	  IPTG	  was	  added.	  	  Samples	  were	  harvested	  60	  min	  after	  IPTG	  addition	  and	  assayed	  for	  β-­‐galactosidase	  activity.	  	  Specific	  activities	  were	  normalized	  and	  data	  reported	  as	  in	  part	  B	  .	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3.2.2.	  	  SgrS	  stimulates	  degradation	  of	  manXYZ	  mRNA	  	  To	  assess	  whether	  SgrS-­‐dependent	  regulation	  of	  manX	  translation	  affected	  
manXYZ	  mRNA	  stability,	  northern	  blots	  were	  performed	  on	  RNA	  samples	  from	  wild-­‐type	  and	  ΔsgrS	  strains	  carrying	  Cp19-­‐manXYZ	  constructs	  (Fig.	  3.3A).	  	  A	  manX-­‐specific	  probe	  hybridized	  to	  a	  ~2.8	  kb	  band	  corresponding	  to	  the	  full-­‐length	  
manXYZ	  mRNA	  (data	  not	  shown).	  	  A	  manY-­‐specific	  probe	  hybridized	  to	  the	  ~2.8	  kb	  band	  as	  well	  as	  to	  a	  ~1.8	  kb	  band	  (Fig.	  3.3B).	  	  When	  RNA	  from	  a	  ΔmanXYZ	  strain	  was	  probed	  with	  the	  manY-­‐specific	  probe,	  neither	  of	  these	  bands	  was	  present	  (data	  not	  shown).	  	  The	  1.8	  kb	  band	  is	  the	  size	  predicted	  for	  a	  manYZ	  transcript.	  	  5'	  RACE	  analysis	  (4)	  was	  utilized	  to	  distinguish	  whether	  manYZ	  was	  a	  newly	  initiated	  transcript	  or	  a	  processed	  product.	  	  This	  analysis	  revealed	  that	  the	  manYZ	  mRNA	  contained	  a	  monophosphate	  end,	  indicative	  of	  a	  processed	  transcript	  (Fig.	  3.4).	  	  Furthermore,	  several	  different	  5'	  ends	  of	  the	  manYZ	  species	  mapped	  to	  a	  region	  between	  manX	  and	  manY	  that	  was	  AU-­‐rich	  (Fig.	  3.3C).	  	  These	  sequences	  resemble	  RNase	  E	  recognition	  and	  cleavage	  sites	  (77,	  78,	  88).	  	  A	  transcriptional	  manYʹ′-­‐lacZ	  fusion	  confirmed	  that	  there	  is	  no	  promoter	  activity	  associated	  with	  the	  manX-­‐manY	  intergenic	  region	  (data	  not	  shown).	  	  All	  together,	  these	  data	  suggested	  that	  manYZ	  is	  processed	  from	  manXYZ.	  	  We	  proceeded	  by	  examining	  SgrS	  regulation	  of	  both	  manXYZ	  and	  manYZ	  mRNA	  levels.	  	  In	  wild-­‐type	  cells,	  a	  decrease	  in	  the	  levels	  of	  the	  manXYZ	  transcript	  was	  apparent	  following	  αMG	  addition,	  while	  levels	  of	  the	  manYZ	  mRNA	  remained	  relatively	  steady	  (Fig.	  3.3B,	  Lanes	  1-­‐5).	  	  In	  contrast,	  cells	  lacking	  sgrS	  displayed	  greatly	  increased	  levels	  of	  manXYZ	  transcript	  and	  relatively	  constant	  levels	  of	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manYZ	  transcript	  after	  αMG	  addition	  (Fig.	  3.3B,	  Lanes	  6-­‐10).	  	  Because	  the	  transcription	  of	  manXYZ	  in	  this	  experiment	  is	  driven	  by	  the	  constitutive	  Cp19	  promoter	  (58),	  we	  hypothesize	  that	  changes	  in	  steady-­‐state	  levels	  of	  manXYZ	  mRNA	  reflect	  changes	  in	  stability	  rather	  than	  rates	  of	  synthesis.	  	  Therefore,	  these	  results	  suggest	  that	  SgrS	  is	  responsible	  for	  decreasing	  the	  stability	  of	  the	  full-­‐length	  
manXYZ	  transcript	  but	  has	  no	  significant	  effect	  on	  the	  stability	  of	  the	  manYZ	  transcript.	  	  	  To	  test	  whether	  the	  apparent	  accumulation	  of	  manXYZ	  mRNA	  in	  sgrS	  mutant	  cells	  (Fig.	  3.3B,	  lanes	  6-­‐10)	  reflected	  a	  manXYZ-­‐specific	  post-­‐transcriptional	  mechanism	  of	  regulation,	  we	  examined	  levels	  of	  the	  ptsG	  mRNA	  expressed	  from	  the	  Cp19	  promoter	  in	  sgrS+	  and	  sgrS	  mutant	  cells	  exposed	  to	  αMG.	  	  This	  experiment	  showed	  that	  ptsG	  mRNA	  does	  not	  accumulate	  in	  the	  sgrS	  mutant	  strain	  after	  αMG	  addition	  (Fig.	  3.5A),	  in	  contrast	  to	  the	  manXYZ	  mRNA.	  	  We	  also	  examined	  manXYZ	  and	  manYZ	  mRNAs	  (expressed	  from	  the	  Cp19	  promoter)	  in	  ΔsgrS	  cells	  in	  the	  absence	  of	  αMG	  and	  found	  no	  accumulation	  over	  time	  in	  non-­‐stressed	  cells	  (Fig.	  3.5B).	  	  Together,	  these	  data	  suggest	  that	  the	  accumulation	  of	  manXYZ	  mRNA	  in	  sgrS	  mutant	  cells	  reflects	  a	  stress-­‐dependent	  post-­‐transcriptional	  mechanism	  of	  regulation.	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Figure	  3.3.	  	  manXYZ	  mRNA	  is	  destabilized	  in	  an	  SgrS-­‐dependent	  manner	  and	  
manYZ	  mRNA	  is	  processed	  in	  an	  SgrS-­‐independent	  manner.	  	  A)	  The	  Cp19	  constitutive	  promoter	  replaced	  the	  manXYZ	  promoter	  at	  the	  native	  locus.	  	  B)	  Cp19-­‐
manXYZ	  in	  wild-­‐type	  sgrS+	  (JH124)	  or	  ΔsgrS	  (JH125)	  backgrounds	  were	  grown	  to	  mid-­‐log	  phase	  and	  0.5%	  αMG	  was	  added	  to	  the	  cultures.	  	  RNA	  was	  extracted	  at	  times	  indicated	  and	  analyzed	  by	  northern	  blot	  using	  manY-­‐	  or	  ssrA-­‐specific	  probes.	  	  SsrA	  served	  as	  the	  loading	  control.	  	  ImageJ	  was	  used	  to	  quantify	  band	  intensities	  and	  correct	  for	  uneven	  loading.	  	  Corrected	  intensities	  for	  each	  band	  were	  then	  normalized	  to	  time	  0	  (set	  at	  1.0).	  	  Expression	  relative	  to	  time	  0	  is	  reported	  below	  the	  blot	  (“Rel.	  Exp.”).	  	  C)	  	  5'	  RACE	  analysis	  of	  manY	  was	  performed	  on	  RNA	  extracted	  from	  wild-­‐type	  (DJ480)	  cells	  grown	  to	  mid-­‐log	  phase.	  	  The	  sequences	  of	  manY	  5'	  ends	  and	  the	  frequency	  of	  their	  occurrence	  in	  sequenced	  clones	  (out	  of	  8	  total)	  are	  shown.	  	  The	  manY	  start	  codon	  is	  underlined.	  	  	  	  	  	  	  
A) 
B) 
 Wild-type 115 nt UTR manXYZ Cp19 
!sgrS 
    0     2      5    10   30    0     2    5    10   30 
"MG 
sgrS+ 
"MG 
    1    2     3      4     5     6     7     8     9    10 
C) 
CUUACGUAAACAGGAGAAGUACAAUG   3   
UUAAGUCUUACGUAAACAGGAGAAGUACAAUG   1 
UUUCACACUUAAGUCUUACGUAAACAGGAGAAGUACAAUG   2 
UUUUCACACUUAAGUCUUACGUAAACAGGAGAAGUACAAUG   1 
AGUUUUCACACUUAAGUCUUACGUAAACAGGAGAAGUACAAUG   1 
# of 
Clones manY manXY intergenic region 
ssrA 
probe 
manY 
probe 
Time 
(min.) 
Lane 
manXYZ 
manYZ 
1.0 0.8 0.2 0.1 ND 1.0 2.7 5.7 7.9 5.3 
1.0 1.4 2.4 0.8 0.6 1.0 1.8 1.7 1.1 0.6 
manXYZ 
manYZ 
Rel. 
Exp. 
	   52	  
	  
Figure	  3.4.	  manYZ	  contains	  a	  monophosphorylated	  end	  indicative	  of	  a	  
processing	  event.	  Total	  RNA	  extracted	  from	  wild-­‐type	  (DJ480)	  cells	  was	  treated	  with	  Tobacco	  Acid	  Pyrophosphatase	  (TAP)	  and	  ligated	  to	  a	  synthetic	  RNA	  adapter.	  A	  
manY-­‐specific	  band	  (band	  1)	  was	  present	  at	  approximately	  equivalent	  levels	  in	  both	  TAP-­‐treated	  and	  untreated	  samples,	  indicating	  the	  manY	  species	  contains	  a	  monophosphorylated	  end.	  Band	  2	  was	  also	  gel	  extracted	  and	  sequenced	  but	  was	  identified	  as	  a	  non-­‐specific	  PCR	  product.	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Figure	  3.5.	  manXYZ	  accumulation	  is	  manXYZ	  and	  αMG	  specific.	  	  A)	  Cp19-­‐ptsG	  in	  	  a	  ΔsgrS	  (JH158)	  background	  was	  grown	  to	  mid-­‐log	  phase	  at	  which	  point	  the	  culture	  was	  split	  and	  0.5%	  αMG	  was	  added	  where	  noted.	  	  RNA	  was	  extracted	  at	  times	  indicated	  and	  analyzed	  by	  northern	  blot	  using	  ptsG-­‐	  or	  ssrA-­‐specific	  probes.	  	  SsrA	  served	  as	  the	  loading	  control.	  	  B)	  Cp19-­‐manXYZ	  in	  a	  ΔsgrS	  (JH125)	  background	  was	  grown	  to	  mid-­‐log	  phase	  at	  which	  point	  the	  culture	  was	  split	  and	  0.5%	  αMG	  was	  added	  where	  noted.	  	  RNA	  was	  extracted	  at	  times	  indicated	  and	  analyzed	  by	  northern	  blot	  using	  manY-­‐	  or	  ssrA-­‐specific	  probes.	  	  	  
	  3.2.3.	  	  Biochemical	  demonstration	  that	  SgrS	  base	  pairs	  with	  target	  mRNAs	  SgrS	  regulates	  the	  ptsG	  mRNA	  by	  a	  base	  pairing	  mechanism	  involving	  the	  region	  surrounding	  the	  ptsG	  ribosome	  binding	  site.	  	  In	  order	  to	  narrow	  down	  the	  region	  of	  manX	  required	  for	  regulation	  by	  SgrS,	  the	  115	  nucleotide	  5'	  UTR	  of	  the	  
manXʹ′-­‐ʹ′lacZ	  fusion	  was	  truncated	  by	  moving	  the	  Cp19	  promoter	  closer	  to	  the	  manX	  translational	  start	  site.	  	  A	  fusion	  containing	  30	  nucleotides	  upstream	  of	  the	  manX	  start	  codon	  was	  constructed	  (denoted	  as	  manX30ʹ′-­‐ʹ′lacZ)	  (Fig.	  3.6A).	  	  Activity	  of	  the	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manX30ʹ′-­‐ʹ′lacZ	  fusion	  was	  monitored	  in	  the	  presence	  or	  absence	  of	  ectopically-­‐expressed	  sgrS.	  	  Cells	  showed	  a	  pattern	  of	  regulation	  by	  SgrS	  that	  was	  similar	  to	  the	  regulation	  of	  the	  full-­‐length	  Cp19-­‐manXʹ′-­‐ʹ′lacZ	  fusion,	  i.e.,	  a	  65%	  decrease	  in	  β-­‐galactosidase	  activity	  when	  SgrS	  was	  present	  (Fig.	  3.6B).	  	  Truncating	  the	  5'	  UTR	  further	  (to	  20	  nucleotides)	  resulted	  in	  an	  unstable	  manXYZ	  transcript	  regardless	  of	  the	  presence	  or	  absence	  of	  SgrS	  (Fig.	  3.7).	  	  Therefore	  it	  was	  concluded	  that	  at	  most,	  30	  nucleotides	  of	  the	  manX	  5’	  UTR	  and	  102	  nucleotides	  of	  manX	  coding	  sequence	  are	  needed	  for	  regulation	  by	  SgrS.	  Given	  that	  the	  region	  contained	  in	  the	  manX30ʹ′-­‐ʹ′lacZ	  fusion	  is	  sufficient	  for	  regulation	  by	  SgrS,	  potential	  base	  pairing	  interactions	  between	  SgrS	  and	  the	  manX	  sequences	  contained	  in	  this	  region	  were	  examined.	  	  A	  region	  of	  complementarity	  between	  the	  3'	  region	  of	  SgrS	  and	  the	  coding	  region	  of	  manX	  was	  identified	  (Fig.	  3.8A).	  	  To	  test	  the	  base	  pairing	  prediction,	  footprinting	  analyses	  were	  performed	  with	  in	  vitro-­‐transcribed	  SgrS	  and	  manX	  RNAs.	  	  Experiments	  using	  labeled	  manX	  mRNA	  revealed	  SgrS-­‐dependent	  protection	  of	  manX	  bases	  C139	  to	  G147	  (Fig.	  3.8C).	  	  This	  region	  corresponds	  to	  the	  longest	  contiguous	  stretch	  of	  predicted	  base	  pairing	  located	  from	  23	  nt	  to	  33	  nt	  downstream	  of	  the	  manX	  translational	  start	  (Fig.	  3.8A).	  	  The	  reverse	  analysis	  was	  done	  with	  labeled	  SgrS	  to	  determine	  the	  region	  that	  interacts	  with	  manX	  mRNA.	  	  The	  region	  of	  SgrS	  predicted	  to	  base	  pair	  with	  manX	  (C159	  to	  A180,	  Fig.	  3.8A)	  was	  mostly	  single-­‐stranded	  in	  the	  absence	  of	  target	  mRNA	  (Fig.	  3.8C),	  while	  a	  footprint	  spanning	  SgrS	  bases	  A163	  to	  G172	  was	  observed	  in	  the	  presence	  of	  manX	  mRNA	  (Fig.	  3.8C).	  	  This	  result	  was	  consistent	  with	  interactions	  in	  the	  longest	  contiguous	  stretch	  of	  base	  pairing	  indicated	  in	  Fig.	  3.8A.	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The	  sequences	  in	  SgrS	  that	  base	  pair	  with	  manX	  in	  footprinting	  experiments	  partially	  overlap	  with	  sequences	  predicted	  to	  pair	  with	  ptsG	  mRNA	  (Fig.	  3.8A,	  B).	  	  Several	  studies	  (60,	  146)	  have	  genetically	  demonstrated	  the	  importance	  of	  interactions	  between	  SgrS	  and	  ptsG	  mRNA	  that	  encompass	  residues	  C174	  to	  U181	  of	  SgrS	  and	  A82	  to	  G89	  of	  ptsG	  mRNA	  (Fig.	  3.8B).	  	  In	  particular,	  mutations	  of	  residues	  G176	  and	  G178	  of	  SgrS	  effectively	  destroy	  regulation	  of	  ptsG	  mRNA,	  whereas	  compensatory	  mutations	  in	  ptsG	  restore	  regulation	  (60).	  	  Additional	  complementarity	  on	  either	  side	  of	  this	  “core”	  SgrS-­‐ptsG	  mRNA	  interaction	  is	  predicted,	  but	  such	  interactions	  have	  not	  been	  verified	  either	  genetically	  or	  biochemically.	  	  Therefore,	  footprinting	  experiments	  were	  carried	  out	  to	  map	  SgrS	  binding	  sites	  on	  ptsG	  mRNA	  and	  vice	  versa.	  	  These	  experiments	  showed	  a	  clear	  SgrS	  footprint	  on	  ptsG	  mRNA	  spanning	  residues	  A82	  to	  G89	  (Fig.	  3.8D),	  which	  is	  consistent	  with	  the	  core	  interaction	  region	  demonstrated	  genetically.	  	  There	  was	  also	  weak	  protection	  of	  ptsG	  mRNA	  residues	  G76	  to	  A78	  (upstream	  of	  the	  core	  region)	  and	  C92	  to	  C95	  (downstream	  of	  the	  core	  region).	  	  A	  ptsG	  mRNA	  footprint	  on	  SgrS	  showed	  protection	  of	  SgrS	  bases	  G168	  to	  U181	  (Fig.	  3.8D),	  consistent	  with	  interactions	  in	  both	  the	  core	  region	  and	  downstream	  (with	  respect	  to	  the	  ptsG	  mRNA).	  	  Together,	  the	  footprinting	  experiments	  demonstrated	  two	  important	  things:	  1)	  different	  residues	  of	  SgrS	  are	  involved	  in	  specific	  base	  pairing	  interactions	  with	  different	  targets,	  and	  2)	  base	  pairing	  involves	  different	  regions	  of	  different	  targets,	  i.e.,	  overlapping	  the	  ribosome	  binding	  site	  of	  ptsG	  and	  within	  the	  coding	  sequence	  of	  manX.	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Figure	  3.6.	  The	  5'	  UTR	  of	  manX	  is	  not	  required	  for	  regulation	  by	  SgrS.	  A)	  A	  chromosomal	  lacZ	  translational	  fusion	  was	  constructed	  at	  the	  native	  locus.	  	  The	  native	  promoter	  of	  manX	  was	  replaced	  with	  the	  constitutive	  Cp19	  promoter	  (27)	  30	  nt	  upstream	  of	  the	  manX	  start	  codon,	  thereby	  deleting	  85	  nt	  of	  the	  manX	  5ʹ′	  UTR	  (manX'30-­‐'lacZ).	  	  B)	  Cp19-­‐manX'-­‐'lacZ	  (JH175)	  and	  manX30'-­‐'lacZ	  (JH181)	  strains	  (Fig.	  1A)	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  were	  analyzed	  for	  β-­‐galactosidase	  as	  described	  in	  Fig.	  3.1B.	  	  
	  
	  
Figure	  3.7.	  Truncation	  of	  the	  manX	  5'	  UTR	  renders	  manXYZ	  RNA	  unstable.	  	  Strains	  harboring	  Cp19-­‐manX60	  in	  wild-­‐type	  sgrS+	  (JH145)	  or	  ΔsgrS	  (JH146)	  backgrounds	  and	  Cp19-­‐manX20	  in	  wild-­‐type	  sgrS+	  (JH147)	  or	  ΔsgrS	  (JH148)	  backgrounds	  were	  grown	  to	  mid-­‐log	  phase	  and	  0.5%	  αMG	  was	  added	  to	  the	  cultures.	  	  RNA	  was	  extracted	  at	  times	  indicated	  and	  analyzed	  by	  northern	  blot	  analysis	  as	  described	  in	  Fig.	  3.3B.	  	  	  	  
!"
#!"
$!"
%!"
&!"
'!!"
'#!"
()*+,-""""!!!!!."#$/%&'(""
)#*+,! )#*+0!,!
1
"2
)3
45
6)
"7
*5
68
+9
"
':&"$&&" '&!" ;00""
<833)-"
=>8+?"
"0!">+"=@2" )#*+0!,! ,"#$-!AB':"!"#
$"#
manY 
probe 
ssrA 
probe 
 0   10   45    0   10   45  0   10   45    0   10   45 
Wild-type !sgrS Wild-type !sgrS 
"MG "MG "MG "MG 
Cp19-manX60 Cp19-manX20 
manXYZ 
manYZ 
Time (min.) 
	   57	  
	  
Figure	  3.8.	  	  SgrS	  base	  pairing	  with	  mRNA	  targets.	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Figure	  3.8.	  (cont.)	  A)	  	  Predicted	  base	  pairing	  between	  manX	  mRNA	  and	  SgrS.	  	  Pairing	  confirmed	  by	  footprinting	  and	  genetic	  analyses	  is	  indicated	  by	  vertical	  lines	  and	  pairing	  predicted	  but	  not	  experimentally	  supported	  is	  indicated	  by	  asterisks.	  	  The	  manX	  RBS	  is	  denoted	  by	  a	  line	  above	  the	  sequence;	  the	  manX	  start	  codon	  is	  underlined;	  half	  of	  the	  inverted	  repeat	  of	  the	  SgrS	  terminator	  is	  denoted	  by	  the	  long	  arrow	  below	  the	  sequence.	  	  The	  boxed	  bases	  were	  mutated	  to	  test	  base	  pairing.	  	  Arrows	  and	  allele	  names	  (SgrS1,	  SgrS26	  and	  SgrS10)	  indicate	  positions	  of	  mutations	  in	  different	  SgrS	  mutants	  (also	  see	  Table	  S1).	  	  B)	  	  Base	  pairing	  between	  SgrS	  and	  
ptsG	  mRNA.	  	  See	  part	  A	  for	  further	  description.	  	  C)	  In	  vitro	  transcribed	  manX	  mRNA	  containing	  the	  entire	  manX	  sequence	  present	  in	  the	  manX'-­‐'lacZ	  fusion	  was	  end-­‐labeled	  with	  32P	  (manX*)	  and	  incubated	  with	  unlabeled	  SgrS	  where	  noted	  and	  treated	  with:	  T1,	  RNase	  T1;	  OH,	  alkaline	  hydrolysis;	  PbAc,	  lead	  acetate.	  	  The	  positions	  of	  G	  residues	  are	  shown.	  	  In	  vitro	  transcribed	  SgrS	  was	  labeled	  with	  32P	  (SgrS*)	  and	  incubated	  with	  unlabeled	  manX	  where	  noted.	  	  D)	  	  Interactions	  between	  SgrS	  and	  ptsG	  mRNA	  were	  mapped	  as	  described	  in	  part	  C.	  	  Abbreviations	  are	  as	  described	  in	  part	  C.	  	  E)	  manX'-­‐'lacZ	  (JH116),	  manXC143T'-­‐'lacZ	  (JH216)	  and	  ptsG'-­‐'lacZ	  (JH171)	  strains	  carrying	  an	  empty	  vector,	  Plac-­‐sgrS,	  Plac-­‐sgrS1	  or	  Plac-­‐sgrS26	  were	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  3.1C.	  	  
	  3.2.4.	  	  Genetic	  demonstration	  of	  SgrS	  base	  pairing	  with	  manX	  mRNA	  As	  a	  second	  confirmation	  of	  SgrS-­‐manX	  mRNA	  interactions,	  a	  genetic	  approach	  utilizing	  random	  mutagenesis	  of	  SgrS	  was	  performed.	  	  A	  screen	  was	  conducted	  to	  identify	  SgrS	  mutants	  that	  failed	  to	  regulate	  manXʹ′-­‐ʹ′lacZ	  but	  retained	  regulation	  of	  ptsGʹ′-­‐ʹ′lacZ.	  	  These	  criteria	  were	  used	  in	  order	  to	  avoid	  isolating	  mutations	  that	  had	  non-­‐specific	  deleterious	  effects	  on	  SgrS	  structure	  and	  function.	  	  Numerous	  mutations	  were	  found	  that	  impaired	  regulation	  of	  both	  fusions,	  but	  mutations	  in	  only	  two	  residues,	  T169	  and	  G170,	  exhibited	  a	  phenotype	  specific	  for	  regulation	  of	  manX'-­‐'lacZ,	  consistent	  with	  the	  pairing	  demonstated	  by	  footprinting	  analysis	  (Fig.	  3.8).	  	  	  To	  further	  genetically	  test	  the	  base	  pairing	  interactions	  between	  SgrS	  and	  
manX	  mRNA,	  wild-­‐type	  and	  mutant	  alleles	  of	  SgrS	  were	  tested	  for	  regulation	  of	  wild-­‐
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type	  and	  compensatory	  mutant	  manXʹ′-­‐ʹ′lacZ	  fusions	  as	  well	  as	  a	  wild-­‐type	  ptsGʹ′-­‐ʹ′lacZ	  fusion	  (Fig.	  3.8E).	  	  Mutant	  SgrS	  alleles	  contained	  either	  G176C,	  G178C	  (sgrS1),	  which	  should	  interfere	  with	  regulation	  of	  ptsG	  (146)	  or	  G168A	  (sgrS26),	  which	  should	  interfere	  with	  regulation	  of	  manX.	  	  The	  predicted	  structures	  of	  both	  SgrS	  mutants	  were	  identical	  to	  that	  of	  wild-­‐type	  SgrS	  (according	  to	  Mfold	  (157),	  data	  not	  shown).	  Wild-­‐type	  SgrS	  and	  SgrS1	  (G176C,	  G178C)	  regulated	  manXʹ′-­‐ʹ′lacZ	  to	  the	  same	  extent	  (~80%	  repression),	  while	  SgrS26	  (G168A)	  was	  defective	  in	  regulating	  manXʹ′-­‐ʹ′lacZ	  (~35%	  repression).	  	  The	  results	  for	  regulation	  of	  wild-­‐type	  ptsGʹ′-­‐ʹ′lacZ	  by	  each	  of	  these	  mutants	  were	  the	  opposite;	  wild-­‐type	  SgrS	  and	  SgrS26	  regulated	  ptsGʹ′-­‐ʹ′lacZ	  to	  the	  same	  extent	  (~80%	  repression),	  whereas	  SgrS1	  completely	  lost	  the	  ability	  to	  repress	  (Fig.	  3.8E,	  right	  panel).	  	  These	  results	  strongly	  suggest	  that	  each	  of	  these	  mutants	  retains	  the	  appropriate	  structure	  and	  that	  loss	  of	  regulation	  reflects	  disruption	  of	  specific	  base	  pairing	  interactions.	  	  To	  further	  confirm	  the	  importance	  of	  direct	  base	  pairing	  between	  SgrS	  and	  manX	  mRNA,	  a	  compensatory	  mutation	  in	  
manX	  (C143T),	  which	  should	  restore	  pairing	  with	  SgrS26	  and	  disrupt	  pairing	  with	  wild-­‐type	  SgrS	  was	  constructed	  in	  the	  context	  of	  the	  reporter	  fusion	  (designated	  
manXC143Tʹ′-­‐ʹ′lacZ).	  	  Consistent	  with	  this	  prediction,	  wild-­‐type	  SgrS	  was	  deficient	  in	  regulating	  manXC143Tʹ′-­‐ʹ′lacZ	  (~60%	  repression)	  whereas	  SgrS26	  gave	  full	  80%	  repression	  (Fig.	  3E,	  center	  panel).	  	  	  It	  is	  worth	  noting	  that	  the	  footprinting	  experiments	  accurately	  reflect	  relevant	  in	  vivo	  base	  pairing	  interactions.	  	  Protection	  of	  SgrS	  residues	  174-­‐186	  and	  
manX	  mRNA	  residues	  125-­‐137	  was	  not	  observed	  (Fig.	  3.8C),	  despite	  the	  complementarity	  in	  this	  region	  (Fig.	  3.8A)	  and	  the	  apparently	  single-­‐stranded	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conformation	  in	  vitro	  (based	  on	  susceptibility	  to	  cleavage	  by	  lead	  acetate,	  Fig.	  3.8C).	  	  Consistent	  with	  this,	  mutations	  in	  SgrS	  that	  would	  disrupt	  the	  base	  pairing	  of	  this	  region	  (SgrS1)	  had	  no	  effect	  on	  the	  regulation	  in	  vivo.	  	  Similarly,	  for	  SgrS:ptsG	  mRNA	  interactions,	  the	  most	  strongly	  protected	  residues	  in	  vitro	  (SgrS	  residues	  174-­‐181	  and	  ptsG	  mRNA	  residues	  82-­‐89)	  were	  the	  most	  relevant	  for	  in	  vivo	  regulation	  (Fig.	  3.8B,	  D	  and	  E	  and	  (60)).	  The	  structure	  of	  SgrS	  mRNA	  alone	  corresponded	  very	  well	  to	  the	  Mfold	  (157)	  prediction	  (Fig.	  3.9B).	  	  The	  SgrS	  bases	  that	  participate	  in	  pairing	  with	  manX	  mRNA	  are	  mostly	  single-­‐stranded,	  with	  the	  exception	  of	  three	  residues	  that	  participate	  in	  formation	  of	  a	  short	  stem	  (residues	  163-­‐165,	  Fig.	  3.9B).	  	  Residues	  159	  and	  160	  are	  located	  in	  a	  small	  bubble	  in	  the	  unpaired	  SgrS	  structure;	  in	  the	  presence	  of	  manX	  mRNA	  residues	  159-­‐160	  and	  163-­‐172	  are	  protected	  and	  residues	  161	  and	  162	  become	  hypersensitive	  (Fig.	  3.8C).	  	  In	  the	  course	  of	  testing	  certain	  SgrS	  and	  manX	  mutant	  pairs,	  we	  observed	  that	  mutation	  of	  some	  SgrS	  residues	  resulted	  in	  significant	  predicted	  structural	  changes	  in	  SgrS	  in	  the	  manX	  mRNA	  interaction	  region.	  	  For	  example,	  mutation	  of	  SgrS	  residues	  168	  to	  170	  from	  GUG	  to	  CAC	  (in	  allele	  sgrS10,	  Fig.	  3.8A,	  Table	  2.1)	  not	  only	  disrupted	  complementarity	  with	  wild-­‐type	  manX,	  but	  also	  resulted	  in	  sequestration	  of	  the	  majority	  of	  the	  manX	  mRNA	  pairing	  region	  of	  SgrS	  in	  a	  stem	  (compare	  the	  wild-­‐type	  SgrS	  structure,	  Fig.	  3.9B,	  to	  the	  mutant	  structure,	  Fig.	  3.9C).	  	  This	  sequestration	  could	  be	  partially	  alleviated	  by	  making	  an	  additional	  mutation	  in	  SgrS	  (A5U,	  allele	  sgrS23).	  	  To	  determine	  how	  these	  changes	  would	  affect	  regulation	  of	  manX,	  we	  assayed	  the	  activity	  of	  these	  mutants	  in	  wild-­‐type	  manXʹ′-­‐ʹ′lacZ	  and	  mutant	  manXGUGʹ′-­‐ʹ′lacZ	  strains	  (the	  latter	  fusion	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containing	  a	  mutation	  that	  would	  restore	  complementarity	  with	  the	  SgrS	  mutant	  alleles).	  	  As	  predicted,	  wild-­‐type	  SgrS	  repressed	  wild-­‐type	  manXʹ′-­‐ʹ′lacZ	  and	  both	  mutant	  alleles	  (SgrS10	  and	  SgrS23)	  were	  strongly	  impaired	  in	  regulation	  (Fig.	  3.9A,	  left	  panel).	  	  In	  the	  manXGUGʹ′-­‐ʹ′lacZ	  background,	  wild-­‐type	  SgrS	  lost	  the	  ability	  to	  regulate,	  again	  consistent	  with	  the	  involvement	  of	  these	  residues	  in	  SgrS:manX	  mRNA	  base	  pairing	  interactions	  (Fig.	  3.9B,	  right	  panel).	  	  SgrS10	  regulated	  manXGUGʹ′-­‐
ʹ′lacZ	  only	  slightly	  better	  than	  wild-­‐type	  SgrS,	  despite	  having	  the	  compensatory	  changes	  that	  should	  have	  restored	  base	  pairing.	  	  This	  was	  consistent	  with	  the	  predicted	  sequestration	  of	  most	  of	  the	  base	  pairing	  region	  (Fig.	  3.9C).	  	  The	  additional	  mutation	  in	  SgrS23	  gave	  a	  slight	  improvement	  in	  the	  regulation	  of	  
manXGUGʹ′-­‐ʹ′lacZ	  compared	  to	  the	  wild-­‐type	  and	  SgrS10	  alleles,	  but	  full	  repression	  was	  not	  restored,	  likely	  because	  the	  structure	  of	  SgrS23	  remained	  altered	  compared	  to	  wild-­‐type	  SgrS	  (compare	  Fig.	  3.9	  panels	  B	  and	  D).	  	  Northern	  blots	  showed	  that	  SgrS10	  and	  SgrS23	  were	  produced	  at	  levels	  similar	  to	  wild-­‐type	  SgrS	  and	  both	  of	  these	  mutants	  retained	  regulation	  of	  ptsGʹ′-­‐ʹ′lacZ	  (Fig.	  3.10	  and	  Fig.	  3.11,	  respectively),	  which	  was	  not	  surprising	  since	  the	  residues	  in	  SgrS	  important	  for	  interaction	  with	  ptsG	  mRNA	  remained	  unpaired	  in	  the	  mutant	  structures	  (see	  residues	  174	  to	  181	  in	  Fig.	  3.9C,	  D).	  	  Failure	  of	  compensatory	  mutations	  to	  fully	  restore	  wild-­‐type	  levels	  of	  regulation	  has	  been	  observed	  for	  other	  sRNA:mRNA	  pairs	  (29,	  44,	  80)	  and	  has	  been	  interpreted	  to	  mean	  that	  both	  sequence	  and	  structure	  of	  the	  two	  RNAs	  are	  important	  for	  their	  interactions	  and	  that	  the	  structures	  of	  one	  or	  both	  molecules	  are	  altered	  by	  certain	  mutations.	  	  These	  results	  are	  clearly	  consistent	  with	  that	  explanation.	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Figure	  3.9.	  	  Structural	  changes	  in	  SgrS	  mutants.	  A)	  manX'-­‐'lacZ	  (JH116)	  and	  
manXGUG'-­‐'lacZ	  (JH229)	  strains	  carrying	  an	  empty	  vector,	  Plac-­‐sgrS,	  Plac-­‐sgrS10	  or	  Plac-­‐
sgrS23	  were	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  3.1C.	  	  B)	  Mfold	  prediction	  of	  wild-­‐type	  SgrS	  structure,	  which	  is	  consistent	  with	  footprinting	  of	  manX	  mRNA	  alone	  (Fig.	  3C).	  	  C)	  Mfold	  prediction	  of	  SgrS10	  structure.	  	  Strong	  base	  pairing	  interactions	  are	  indicated	  by	  a	  red	  line.	  	  Mutated	  bases	  are	  circled	  in	  red.	  	  D)	  	  Mfold	  prediction	  of	  SgrS23	  structure.	  Strong	  base	  pairing	  interactions	  are	  indicated	  by	  a	  red	  line.	  	  Mutated	  bases	  are	  circled	  in	  red.	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Figure	  3.10.	  SgrS10	  is	  produced	  at	  levels	  similar	  to	  wild-­‐type	  SgrS.	  	  A	  manXGUG'-­‐
'lacZ	  (JH229)	  strain	  carrying	  an	  empty	  vector,	  Plac-­‐sgrS,	  Plac-­‐sgrS1	  or	  Plac-­‐sgrS10	  was	  grown	  to	  early	  log	  phase	  and	  0.1	  mM	  IPTG	  or	  1.0	  mM	  was	  added.	  	  Samples	  were	  harvested	  60	  min	  after	  IPTG	  addition	  for	  a	  β-­‐galactosidase	  activity	  assay	  and	  RNA	  extraction.	  RNA	  was	  analyzed	  by	  northern	  blot	  using	  sgrS-­‐	  or	  ssrA-­‐specific	  probes.	  	  SsrA	  served	  as	  the	  loading	  control.	  
	  
	  
Figure	  3.11.	  SgrS10	  regulates	  ptsG	  to	  wild-­‐type	  levels.	  A	  ptsG'-­‐'lacZ	  (JH171)	  strain	  carrying	  an	  empty	  vector,	  Plac-­‐sgrS,	  Plac-­‐sgrS1	  or	  Plac-­‐sgrS26	  was	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  3.1C.	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3.2.5.	  	  Degradation	  of	  manXYZ	  is	  not	  required	  for	  SgrS	  regulation	  of	  manX	  translation	  Although	  SgrS	  promotes	  degradation	  of	  the	  ptsG	  message,	  this	  is	  not	  required	  for	  translational	  regulation	  (60).	  	  SgrS-­‐mediated	  translational	  repression	  of	  ptsG	  is	  thought	  to	  occur	  through	  a	  ribosome	  occlusion	  mechanism,	  since	  residues	  of	  the	  
ptsG	  Shine-­‐Dalgarno	  sequence	  are	  involved	  in	  base	  pairing	  interactions	  with	  SgrS	  (60,	  143).	  	  Given	  that	  SgrS	  base	  pairs	  downstream	  of	  the	  manX	  ATG	  and	  we	  showed	  that	  the	  manXYZ	  mRNA	  is	  degraded	  when	  SgrS	  is	  expressed,	  we	  wanted	  to	  determine	  if	  SgrS-­‐mediated	  translational	  repression	  of	  manX	  requires	  degradation	  of	  the	  manXYZ	  mRNA.	  	  For	  that	  reason,	  activities	  of	  manX	  and	  ptsG	  translational	  fusions	  were	  compared	  in	  wild-­‐type	  and	  rne131	  backgrounds	  in	  the	  presence	  or	  absence	  of	  sgrS.	  	  The	  E.	  coli	  rne131	  allele	  encodes	  a	  C-­‐terminally	  truncated	  RNase	  E	  that	  does	  not	  associate	  with	  Hfq	  or	  degradosome	  proteins.	  	  C-­‐terminal	  RNase	  E	  mutants	  have	  been	  shown	  to	  be	  defective	  for	  degrading	  other	  sRNA-­‐mRNA	  complexes,	  including	  SgrS-­‐ptsG	  mRNA	  (61,	  85,	  97).	  	  In	  accordance	  with	  previous	  findings	  (61),	  the	  rne131	  allele	  did	  not	  affect	  the	  ability	  of	  SgrS	  to	  repress	  translation	  of	  ptsGʹ′-­‐ʹ′lacZ	  (Fig.	  3.12A).	  	  Similar	  results	  were	  observed	  with	  manXʹ′-­‐
ʹ′lacZ	  (Fig.	  3.12A)	  suggesting	  that	  like	  ptsG,	  manX	  regulation	  by	  SgrS	  does	  not	  require	  degradosome-­‐mediated	  mRNA	  degradation.	  	  
	   To	  confirm	  that	  SgrS-­‐mediated	  degradation	  of	  manXYZ	  mRNA	  was	  abolished	  in	  the	  rne131	  background,	  northern	  blot	  analysis	  was	  performed	  on	  sgrS+	  and	  ΔsgrS	  cells	  in	  wild-­‐type	  and	  rne131	  strains.	  	  As	  expected,	  manXYZ	  levels	  decreased	  in	  sgrS+	  cells	  upon	  αMG	  addition	  (Fig.	  3.12B,	  lanes	  1-­‐3)	  but	  accumulated	  in	  ΔsgrS	  cells	  (Fig.	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3.12B,	  lanes	  4-­‐6).	  In	  contrast,	  sgrS+	  and	  ΔsgrS	  cells	  both	  had	  increased	  levels	  of	  
manXYZ	  mRNA	  following	  αMG	  addition	  in	  the	  rne131	  background	  (Fig.	  3.12B,	  lanes	  7-­‐12),	  confirming	  that	  degradation	  was	  abolished	  in	  these	  strains.	  	  Interestingly,	  the	  
manYZ	  transcript	  was	  present	  at	  much	  lower	  levels	  in	  the	  rne131	  strains	  (Fig.	  3.12B,	  lanes	  7-­‐12),	  suggesting	  that	  manYZ	  processing	  involves	  RNase	  E.	  	  Combined	  with	  the	  results	  from	  translational	  fusions	  in	  the	  rne131	  background	  (Fig.	  3.12A),	  these	  data	  are	  consistent	  with	  the	  hypothesis	  that	  manX	  regulation	  by	  SgrS	  occurs	  primarily	  at	  the	  level	  of	  translational	  inhibition,	  rather	  than	  mRNA	  degradation.	  	  
	  
	  
	  
	  
	   66	  
	  
Figure	  3.12.	  SgrS-­‐dependent	  manX	  regulation	  does	  not	  require	  the	  
degradosome.	  	  A)	  ptsG'-­‐'lacZ	  strains	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  were	  analyzed	  in	  a	  wild-­‐type	  (JH258)	  or	  rne131	  (JH248)	  background	  and	  compared	  to	  
manX'-­‐'lacZ	  strains	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  in	  wild-­‐type	  (JH255)	  or	  
rne131	  (JH246)	  backgrounds.	  	  β-­‐galactosidase	  assays	  were	  performed	  as	  described	  in	  Fig.	  3.1C.	  	  B)	  manXYZ	  mRNA	  from	  sgrS+	  (DJ480)	  or	  ΔsgrS	  (CV100)	  backgrounds	  were	  compared	  to	  manXYZ	  mRNA	  from	  rne131	  strains	  containing	  wild-­‐type	  sgrS	  (EM1377)	  or	  the	  sgrS	  deletion	  (JH273).	  	  RNA	  was	  harvested	  and	  analyzed	  by	  northern	  blotting	  as	  described	  in	  Fig.	  3.3B.	  	  ImageJ	  was	  used	  to	  quantify	  band	  intensities	  and	  correct	  for	  uneven	  loading.	  	  Corrected	  intensities	  for	  each	  band	  were	  then	  normalized	  to	  time	  0	  (set	  at	  1.0).	  	  Expression	  relative	  to	  time	  0	  is	  reported	  below	  the	  blot.	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3.2.6.	  	  The	  weak	  start	  codon	  of	  manX	  does	  not	  influence	  SgrS	  regulation	  Work	  by	  Kawamoto	  et	  al.	  suggested	  that	  co-­‐translational	  membrane	  localization	  of	  ptsG	  mRNA	  is	  required	  for	  ptsG	  regulation	  by	  SgrS	  (61).	  	  The	  data	  support	  a	  model	  whereby	  ptsG	  mRNA	  membrane	  localization	  decreases	  translational	  efficiency	  of	  the	  ptsG	  message,	  thus	  allowing	  SgrS	  to	  compete	  effectively	  with	  ribosomes	  for	  binding	  to	  the	  translation	  initiation	  region	  of	  the	  ptsG	  mRNA.	  	  Since	  manX	  encodes	  the	  cytoplasmic	  component	  of	  the	  transporter,	  the	  
manXʹ′-­‐ʹ′lacZ	  transcript	  would	  not	  be	  localized	  to	  the	  membrane,	  therefore	  this	  cannot	  be	  a	  contributing	  factor	  to	  regulation	  by	  SgrS.	  	  We	  did	  notice,	  however,	  that	  
manX	  has	  a	  conserved	  GTG	  start	  codon	  (Fig.	  3.15B),	  which	  promotes	  decreased	  rates	  of	  translation	  initiation	  compared	  with	  ATG	  start	  codons	  (117).	  	  We	  therefore	  tested	  the	  hypothesis	  that	  the	  weaker	  start	  codon	  might	  be	  important	  for	  SgrS	  regulation	  of	  manX.	  	  A	  GTG	  to	  ATG	  mutation	  was	  made	  in	  the	  context	  of	  the	  manXʹ′-­‐
ʹ′lacZ	  chromosomal	  fusion.	  	  Though	  the	  ATG	  mutation	  did	  increase	  basal	  levels	  of	  
manXʹ′-­‐ʹ′lacZ	  translation	  as	  expected,	  it	  did	  not	  alter	  the	  repression	  level	  when	  SgrS	  was	  induced	  from	  the	  chromosome	  (Fig.	  3.13A)	  or	  a	  plasmid	  (Fig.	  3.13B),	  indicating	  that	  the	  weaker	  start	  codon	  is	  not	  required	  for	  regulation	  by	  SgrS.	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Figure	  3.13.	  	  The	  manX	  start	  codon	  does	  not	  influence	  regulation	  by	  SgrS.	  	  A)	  	  
manX'-­‐'lacZ	  strains	  were	  ΔsgrS	  (JH115)	  or	  sgrS+	  (JH114).	  	  These	  were	  compared	  to	  ΔsgrS	  (JH244)	  or	  sgrS+	  (JH241)	  manXATG'-­‐'lacZ	  strains.	  	  β-­‐galactosidase	  assays	  were	  performed	  and	  data	  normalized	  as	  described	  in	  Fig.	  1B.	  	  B)	  A	  manX'-­‐'lacZ	  strain	  (JH116)	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  was	  compared	  to	  a	  manXATG'-­‐'lacZ	  (JH244)	  also	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS.	  	  Assays	  were	  performed	  as	  described	  in	  Fig.	  1C.	  	  	  3.2.7.	  	  ManXYZ	  proteins	  transport	  stress-­‐inducing	  sugar	  analogs	  It	  is	  well	  established	  that	  EIICBGlc	  (PtsG)	  is	  involved	  in	  generating	  glucose-­‐phosphate	  stress	  because	  it	  transports	  and	  phosphorylates	  sugars	  or	  sugar	  analogs	  like	  αMG	  that	  accumulate	  under	  certain	  conditions.	  	  SgrS	  relieves	  the	  stress	  by	  regulating	  ptsG	  mRNA,	  preventing	  synthesis	  of	  new	  EIICBGlc	  and	  therefore	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decreasing	  accumulation	  of	  sugar-­‐phosphates	  (62,	  96,	  141,	  143).	  	  We	  hypothesized	  that	  manXYZ	  also	  contributes	  to	  glucose-­‐phosphate	  stress	  since	  it	  transports	  glucose	  and	  αMG	  and	  is	  regulated	  by	  SgrS.	  	  Another	  glucose	  analog,	  2-­‐deoxyglucose	  (2DG)	  is	  a	  good	  substrate	  for	  the	  EIIMan	  system	  (ManXYZ)	  but	  is	  only	  weakly	  transported	  by	  EIICBGlc	  (3,	  28,	  51,	  118,	  136);	  upon	  transport,	  2DG	  becomes	  2-­‐deoxyglucose-­‐6-­‐phosphate	  (2DG6P).	  	  It	  was	  previously	  shown	  that	  high	  levels	  of	  2DG6P	  cause	  growth	  inhibition	  in	  E.	  coli	  cells	  (59),	  however,	  we	  had	  not	  tested	  whether	  2DG6P	  induces	  the	  SgrS-­‐mediated	  stress	  response.	  	  To	  test	  the	  role	  of	  manXYZ	  in	  stress	  caused	  by	  these	  two	  glucose	  analogs,	  strains	  were	  constructed	  with	  mutations	  in	  
ptsG	  and	  manXYZ	  individually	  and	  in	  combination.	  	  Induction	  of	  the	  stress	  response	  was	  monitored	  using	  a	  chromosomal	  PsgrS-­‐lacZ	  reporter.	  	  The	  reporter	  fusion	  was	  not	  induced	  in	  the	  absence	  of	  sugar	  analogs	  (Fig.	  3.14A,	  B,	  left	  panels),	  as	  expected.	  	  When	  wild-­‐type	  cells	  were	  exposed	  to	  0.1%	  αMG,	  PsgrS-­‐lacZ	  activity	  was	  induced	  by	  126-­‐fold	  over	  –αMG	  levels	  (see	  Miller	  Units,	  Fig.	  3.14A),	  indicating	  that	  the	  stress	  response	  was	  induced.	  	  The	  reporter	  was	  still	  induced	  slightly	  in	  the	  ΔptsG	  strain	  in	  the	  presence	  of	  αMG,	  albeit	  to	  a	  lower	  level	  (21.5-­‐fold	  compared	  to	  uninduced),	  suggesting	  that	  cells	  take	  up	  sufficient	  αMG	  by	  an	  EIICBGlc-­‐independent	  route	  to	  moderately	  induce	  the	  stress	  response.	  	  In	  the	  ΔptsG,	  ΔmanXYZ	  double	  mutant	  the	  reporter	  was	  not	  activated	  in	  the	  presence	  of	  αMG,	  indicating	  that	  in	  the	  absence	  of	  EIICBGlc,	  the	  EIIMan	  system	  is	  responsible	  for	  transporting	  the	  αMG	  that	  induces	  the	  stress	  response.	  	  	  	   In	  the	  presence	  of	  0.1%	  2DG,	  the	  PsgrS-­‐lacZ	  fusion	  was	  activated	  in	  wild-­‐type	  cells	  by	  36-­‐fold	  compared	  to	  uninduced	  levels	  (see	  Miller	  Units,	  Fig.	  3.14B).	  	  This	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indicated	  that	  2DG	  does	  induce	  the	  glucose-­‐phosphate	  stress	  response.	  	  In	  the	  ΔptsG	  background,	  induction	  of	  the	  reporter	  was	  similar	  to	  the	  induction	  in	  the	  wild-­‐type	  strain,	  implying	  that	  EIICBGlc	  does	  not	  contribute	  significantly	  to	  sgrS	  induction	  in	  response	  to	  2DG.	  	  In	  contrast,	  in	  the	  ΔmanXYZ	  strain,	  the	  PsgrS-­‐lacZ	  reporter	  was	  induced	  only	  1.7-­‐fold	  (Fig.	  3.14B).	  	  The	  reporter	  was	  also	  induced	  by	  1.7-­‐fold	  in	  the	  ΔptsG	  ΔmanXYZ	  double	  mutant.	  	  These	  results	  suggest	  that	  EIIMan	  is	  almost	  fully	  responsible	  for	  transporting	  2DG,	  which	  induces	  the	  stress	  response.	  	  Cumulatively,	  these	  findings	  suggest	  that	  SgrS-­‐mediated	  regulation	  of	  manXYZ	  is	  physiologically	  relevant	  for	  minimizing	  the	  stress	  caused	  by	  accumulation	  of	  non-­‐metabolizable	  sugar-­‐phosphates.	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Figure	  3.14.	  	  Glucose-­‐phosphate	  stress	  is	  induced	  by	  sugar	  analogs	  
transported	  by	  EIICBGlc	  and	  EIIMan.	  	  Wild-­‐type	  (BAH100),	  ΔptsG	  (CS177),	  ΔmanXYZ	  (CS178)	  or	  ΔptsG	  ΔmanXYZ	  (CS179)	  strains	  carrying	  the	  PsgrS-­‐lacZ	  reporter	  were	  grown	  to	  early	  log	  phase	  at	  which	  time	  0.1%	  αMG	  (panel	  A)	  or	  0.1%	  2DG	  (panel	  B)	  was	  added.	  	  Samples	  were	  harvested	  120	  min	  after	  αMG/2DG	  addition	  and	  assayed	  for	  β-­‐galactosidase	  activity.	  	  Miller	  units	  from	  all	  samples	  were	  normalized	  to	  the	  wild-­‐type	  levels	  to	  yield	  %	  relative	  activity.	  	  Specific	  activity	  values	  (Miller	  Units)	  are	  reported	  below	  each	  graph.	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3.2.8.	  	  The	  SgrS	  regulon	  does	  not	  appear	  to	  be	  fully	  conserved	  among	  different	  organisms	  	  Two	  recent	  studies	  from	  our	  laboratory	  (52,	  146)	  suggested	  that	  regulation	  of	  ptsG	  by	  SgrS	  is	  conserved	  among	  those	  enterobacterial	  species	  that	  possess	  SgrS	  orthologs.	  	  We	  investigated	  whether	  this	  was	  also	  true	  for	  SgrS	  translational	  regulation	  of	  manX.	  	  SgrS	  orthologs	  from	  Salmonella	  typhimurium,	  Klebsiella	  
pneumoniae,	  Erwinia	  carotovora	  and	  Yersinia	  pestis	  regulate	  E.	  coli	  ptsG	  translation	  when	  expressed	  ectopically	  (146).	  	  Therefore,	  we	  tested	  these	  orthologs	  (expressed	  from	  plasmids	  under	  the	  control	  of	  the	  Plac	  promoter)	  for	  their	  ability	  to	  regulate	  E.	  
coli	  manXʹ′-­‐ʹ′lacZ.	  	  Northern	  blots	  performed	  in	  a	  previous	  study	  (146)	  showed	  that	  at	  the	  concentration	  of	  inducer	  used	  here,	  similar	  levels	  of	  all	  SgrS	  orthologs	  are	  produced.	  	  E.	  carotovora	  and	  Y.	  pestis	  SgrS	  orthologs	  did	  not	  repress	  E.	  coli	  manX	  translation	  while	  S.	  typhimurium	  and	  K.	  pneumoniae	  orthologs	  did	  (Fig.	  3.15A).	  	  This	  result	  suggested	  that	  sequences	  in	  SgrS	  required	  for	  regulation	  of	  manX	  translation	  may	  not	  be	  as	  conserved	  as	  those	  involved	  in	  regulating	  ptsG.	  Sequence	  comparisons	  showed	  that	  the	  while	  the	  complementarity	  in	  the	  relevant	  base	  pairing	  region	  of	  SgrS	  and	  manX	  is	  conserved	  for	  S.	  typhimurium	  and	  
K.	  pneumoniae	  SgrS	  and	  manX	  mRNA	  orthologs,	  it	  is	  not	  conserved	  for	  E.	  carotovora	  or	  Y.	  pestis	  orthologs	  (Fig.	  3.15B).	  	  It	  remained	  possible,	  however,	  that	  E.	  carotovora	  and	  Y.	  pestis	  SgrS	  orthologs	  regulated	  their	  cognate	  manX	  transcripts	  through	  the	  remaining	  regions	  of	  complementarity	  (Fig.	  3.15B).	  	  To	  test	  this,	  E.	  carotovora	  and	  Y.	  
pestis	  manX	  sequences	  were	  swapped	  into	  the	  E.	  coli	  chromosome	  in	  the	  context	  of	  the	  manXʹ′-­‐ʹ′lacZ	  fusion	  (Fig.3.15C).	  	  The	  resulting	  manXYpʹ′-­‐ʹ′lacZ	  and	  manXEcarʹ′-­‐ʹ′lacZ	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fusion	  activities	  were	  analyzed	  in	  the	  presence	  of	  empty	  vector,	  Plac-­‐sgrSK12	  (E.	  coli	  SgrS)	  and	  the	  cognate	  Plac-­‐sgrS	  constructs	  (Fig.	  3.15D).	  	  The	  manXYpʹ′-­‐ʹ′lacZ	  fusion	  was	  not	  regulated	  by	  either	  E.	  coli	  SgrS	  or	  by	  Y.	  pestis	  SgrS.	  	  The	  manXEcarʹ′-­‐ʹ′lacZ	  was	  repressed	  by	  E.	  coli	  SgrS,	  suggesting	  that	  complementarity	  between	  this	  heterologous	  pair	  is	  sufficient	  to	  yield	  regulation.	  	  In	  contrast,	  manXEcarʹ′-­‐ʹ′lacZ	  was	  not	  regulated	  by	  E.	  carotovora	  SgrS,	  suggesting	  that	  regulation	  of	  manX	  does	  not	  occur	  in	  E.	  carotovora.	  Together	  with	  the	  previous	  studies	  from	  our	  laboratory	  (52,	  146),	  these	  data	  suggest	  that	  regulation	  of	  some	  targets,	  e.g.,	  ptsG,	  is	  conserved,	  while	  regulation	  of	  other	  targets,	  e.g.,	  manXYZ,	  occurs	  in	  only	  a	  subset	  of	  organisms	  with	  SgrS	  orthologs.	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Figure	  3.15.	  SgrS-­‐dependent	  regulation	  of	  manX	  is	  not	  entirely	  conserved	  
among	  enteric	  species.	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Figure	  3.15.	  (cont.)	  A)	  The	  E.	  coli	  manX'-­‐'lacZ	  strain	  (JH116)	  carrying	  different	  SgrS	  orthologs	  was	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  1C.	  	  Abbreviations:	  K12,	  Escherichia	  coli	  K12;	  St,	  Salmonella	  typhimurium;	  Yp,	  Yersinia	  
pestis;	  Ecar,	  Erwinia	  carotovora;	  Kp,	  Klebsiella	  pneumoniae.	  	  B)	  Alignments	  of	  SgrS	  orthologs	  and	  their	  cognate	  manX	  mRNAs	  highlights	  predicted	  differences	  in	  base	  pairing	  interactions.	  	  The	  boxed	  region	  represents	  bases	  of	  E.	  coli	  manX	  and	  SgrS	  analyzed	  by	  mutational	  analysis	  in	  Fig.	  3E.	  	  C)	  manX	  sequences	  from	  Y.	  pestis	  or	  E.	  
carotovora	  were	  swapped	  into	  the	  manXK12'-­‐'lacZ	  locus	  as	  diagramed.	  	  D)	  manXYp'-­‐
'lacZ	  (JH232)	  and	  manXEcar'-­‐'lacZ	  (JH264)	  carrying	  an	  empty	  vector,	  Plac-­‐sgrSK12	  or	  the	  cognate	  Plac-­‐sgrS	  ortholog	  were	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  3.1C.	  	  
3.3.	  	  Discussion	  Studies	  from	  our	  laboratory	  (60,	  143,	  147)	  and	  the	  Aiba	  group	  (60)	  have	  shown	  that	  SgrS	  mediates	  the	  glucose-­‐phosphate	  stress	  response	  in	  bacterial	  cells	  by	  two	  different	  mechanisms:	  1)	  base	  pairing-­‐dependent	  translational	  regulation	  of	  target	  mRNAs	  encoding	  sugar	  transporters	  and	  2)	  SgrT-­‐dependent	  post-­‐translational	  regulation	  of	  sugar	  transport	  proteins.	  	  Prior	  to	  this	  study,	  only	  the	  
ptsG	  mRNA	  had	  been	  confirmed	  as	  a	  target	  of	  SgrS.	  	  In	  this	  chapter	  we	  have	  demonstrated	  that	  SgrS	  also	  post-­‐transcriptionally	  regulates	  expression	  of	  the	  
manXYZ	  genes,	  which	  encode	  the	  mannose	  and	  alternative	  glucose	  PTS	  transporter.	  	  A	  manX	  translational	  fusion	  (Fig.	  3.1)	  and	  footprinting	  experiments	  (Fig.	  3.8C)	  indicate	  that	  sequences	  in	  the	  manX	  coding	  sequence,	  between	  codons	  8	  and	  11,	  are	  involved	  in	  SgrS-­‐manXYZ	  mRNA	  base	  pairing	  interactions	  that	  lead	  to	  translational	  repression	  of	  manX.	  	  Additional	  complementarity	  between	  SgrS	  and	  manX	  is	  predicted	  to	  encompass	  codons	  4	  through	  7,	  though	  this	  region	  was	  not	  protected	  in	  footprints	  and	  mutations	  that	  would	  disrupt	  these	  interactions	  did	  not	  affect	  SgrS	  regulation	  of	  manXʹ′-­‐ʹ′lacZ	  (Fig.	  3.8E).	  	  Bouvier,	  et	  al.	  reported	  that	  base	  pairing	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within	  the	  first	  5	  codons	  of	  an	  mRNA	  coding	  sequence	  can	  inhibit	  translation	  through	  direct	  occlusion	  of	  ribosome	  binding	  (15).	  	  Although	  the	  experimentally	  confirmed	  pairing	  for	  SgrS	  and	  manX	  mRNA	  falls	  outside	  this	  window,	  manXʹ′-­‐ʹ′lacZ	  translational	  regulation	  by	  SgrS	  did	  not	  require	  degradation	  via	  the	  RNase	  E	  degradosome	  (Fig.	  3.12)	  suggesting	  that	  translational	  inhibition	  of	  manX	  is	  the	  primary	  mechanism	  of	  regulation.	  	  It	  is	  possible	  that	  other	  base	  pairing	  interactions	  not	  evident	  in	  footprints	  occur	  in	  vivo	  and	  contribute	  to	  a	  ribosome	  occlusion	  mechanism	  of	  translational	  inhibition.	  	  If	  this	  is	  the	  case,	  destabilization	  of	  the	  full-­‐length	  manXYZ	  mRNA	  may	  be	  caused	  by	  polarity	  resulting	  from	  translational	  repression	  at	  manX.	  	  Microarrays	  that	  identified	  putative	  targets	  of	  the	  sRNA	  RyhB	  suggest	  that	  RyhB	  carries	  out	  a	  similar	  type	  of	  regulation	  on	  other	  operons	  (87).	  	  	  	   In	  northern	  blots	  using	  a	  manY-­‐specific	  probe,	  two	  bands	  appeared.	  	  The	  first	  was	  the	  size	  expected	  for	  the	  full-­‐length	  manXYZ	  transcript,	  and	  the	  second	  was	  the	  size	  of	  manYZ	  mRNA.	  	  The	  second	  band	  did	  not	  appear	  in	  blots	  using	  a	  manX-­‐specific	  probe,	  consistent	  with	  the	  idea	  that	  it	  was	  a	  manYZ	  transcript	  (data	  not	  shown).	  	  Furthermore,	  5ʹ′	  RACE	  analysis	  identified	  a	  transcript	  with	  a	  processed	  5ʹ′	  end	  in	  the	  
manX-­‐manY	  intergenic	  region.	  	  Our	  5ʹ′	  RACE	  results	  (Fig.	  3.3C)	  and	  a	  manYʹ′-­‐lacZ	  transcriptional	  fusion	  (data	  not	  shown)	  were	  both	  consistent	  with	  the	  idea	  that	  
manYZ	  is	  processed	  from	  the	  full-­‐length	  manXYZ	  transcript.	  	  Northern	  blots	  show	  that	  the	  processing	  of	  manYZ	  is	  SgrS-­‐independent	  since	  the	  manYZ	  transcript	  is	  observed	  in	  both	  wild-­‐type	  and	  ΔsgrS	  mutants.	  	  Interestingly,	  analysis	  of	  the	  RNA	  extracted	  from	  rne131	  mutants	  showed	  that	  degradosome	  assembly	  on	  RNase	  E	  is	  involved	  in	  the	  processing	  (Fig.	  3.12B).	  	  Degradosome	  assembly	  is	  also	  required	  for	  
	   77	  
RNase	  E-­‐mediated	  turnover	  of	  SgrS-­‐ptsG	  mRNA	  and	  SgrS-­‐manX	  mRNA	  turnover	  (Fig.	  3.12	  A,	  B	  and	  (99).	  	  RNase	  E	  catalytic	  activity	  (but	  not	  degradosome	  assembly)	  is	  required	  for	  processing	  of	  RNAs	  like	  rRNAs	  and	  tRNAs	  (71,	  75,	  106).	  	  The	  apparent	  involvement	  of	  the	  degradosome	  in	  generating	  the	  manYZ	  species	  may	  be	  somewhat	  unique.	  	  It	  remains	  to	  be	  seen	  whether	  the	  manYZ	  transcript	  is	  translated	  and	  what	  physiological	  function	  the	  processing	  serves.	  	  	   A	  previous	  study	  suggested	  that	  one	  parameter	  affecting	  SgrS	  regulation	  of	  
ptsG	  mRNA	  is	  the	  translational	  efficiency	  of	  ptsG.	  	  The	  translation	  rate	  is	  apparently	  reduced	  by	  co-­‐translational	  membrane	  localization	  of	  the	  ptsG	  mRNA	  via	  SRP-­‐dependent	  membrane	  insertion	  of	  nascent	  PtsG	  protein.	  	  Increased	  translational	  efficiency	  of	  ptsG	  greatly	  reduced	  SgrS’s	  ability	  to	  downregulate	  ptsG	  translation	  (61).	  	  These	  observations	  prompted	  us	  to	  look	  at	  how	  translational	  efficiency	  of	  
manX	  impacts	  SgrS	  regulation.	  	  We	  noticed	  that	  the	  GTG	  start	  codon	  of	  manX	  was	  highly	  conserved	  among	  different	  species	  (Fig.	  3.15B).	  	  GTG	  is	  a	  weaker	  start	  codon	  with	  decreased	  translational	  efficiency	  compared	  to	  ATG.	  	  Changing	  the	  GTG	  start	  codon	  of	  manX	  to	  an	  ATG	  increased	  activity	  of	  the	  manXʹ′-­‐lacZ	  fusion	  but	  did	  not	  influence	  regulation	  by	  SgrS	  (Fig.	  3.13),	  suggesting	  that	  at	  least	  this	  factor	  affecting	  the	  translational	  efficiency	  of	  manX	  does	  not	  play	  a	  role	  in	  its	  regulation	  by	  SgrS.	  	  Our	  experiments	  also	  demonstrated	  that	  membrane	  localization	  is	  not	  required	  for	  
manX	  regulation,	  since	  our	  manXʹ′-­‐ʹ′lacZ	  fusions	  were	  regulated	  in	  the	  absence	  of	  the	  transmembrane	  segment-­‐coding	  sequences	  of	  manY	  and	  manZ	  (Fig.	  3.1	  and	  Fig.	  3.2).	  	  These	  data	  are	  consistent	  with	  the	  idea	  that	  although	  a	  small	  RNA	  can	  have	  multiple	  targets,	  the	  mechanisms	  by	  which	  it	  regulates	  each	  one	  may	  be	  different.	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In	  addition	  to	  mannose,	  the	  ManX,	  ManY	  and	  ManZ	  proteins	  are	  capable	  of	  transporting	  numerous	  sugars	  including	  mannose,	  glucose,	  2DG,	  αMG,	  fructose,	  glucosamine,	  N-­‐acetylglucosamine	  and	  trehelose	  (89).	  	  We	  demonstrated	  that	  SgrS	  expression	  is	  induced	  in	  response	  to	  growth	  on	  two	  different	  glucose	  analogs:	  α-­‐methlyglucoside	  (αMG)	  and	  2-­‐deoxyglucose	  (2DG)	  (Fig.	  3.14).	  Analysis	  of	  ptsG	  mutants,	  manXYZ	  mutants	  and	  double	  mutants	  demonstrated	  that	  SgrS	  expression	  is	  induced	  in	  the	  absence	  of	  ptsG	  by	  both	  glucose	  analogs.	  	  Both	  EIICBGlc	  (encoded	  by	  
ptsG)	  and	  EIIMan	  (encoded	  by	  manXYZ)	  contribute	  to	  stress	  induction	  in	  the	  presence	  of	  αMG,	  though	  EIICBGlc	  clearly	  plays	  the	  dominant	  role.	  	  In	  contrast,	  a	  functional	  EIIMan	  is	  required	  for	  induction	  of	  the	  stress	  by	  2DG	  (Fig.	  3.14).	  	  These	  results	  indicated	  that	  regulation	  of	  manXYZ	  is	  important	  under	  specific	  growth	  conditions	  where	  sugar-­‐phosphates	  accumulate	  and	  further	  suggests	  that	  there	  may	  be	  more	  conditions	  that	  induce	  glucose-­‐phosphate	  stress	  that	  have	  yet	  to	  be	  determined.	  	  	  Computational	  and	  experimental	  analyses	  of	  different	  SgrS	  orthologs	  revealed	  that	  regulation	  of	  ptsG	  by	  SgrS	  is	  likely	  to	  be	  universally	  conserved	  in	  enteric	  species	  possessing	  SgrS	  (52,	  146).	  	  In	  contrast,	  we	  noted	  that	  the	  region	  of	  SgrS	  important	  for	  regulating	  manX	  in	  E.	  coli	  is	  not	  very	  highly	  conserved	  (data	  not	  shown),	  and	  our	  experiments	  indicate	  that	  SgrS	  orthologs	  from	  E.	  carotovora	  and	  Y.	  
pestis	  do	  not	  regulate	  their	  cognate	  manX	  orthologs	  (Fig.	  3.15).	  The	  fact	  that	  SgrS	  regulation	  of	  manX	  is	  not	  as	  conserved	  as	  regulation	  of	  ptsG	  implies	  that	  in	  at	  least	  some	  enterobacterial	  species,	  the	  major	  source	  of	  sugar-­‐phosphates	  that	  cause	  stress	  is	  PtsG	  (EIICBGlc)	  and	  not	  ManXYZ	  (EIIMan).	  	  Interestingly,	  we	  observed	  that	  E.	  
coli	  SgrS	  was	  able	  to	  regulate	  manXYpʹ′-­‐ʹ′lacZ	  but	  not	  manXEcarʹ′-­‐ʹ′lacZ.	  We	  observed,	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however,	  that	  more	  extensive	  pairing	  occurs	  between	  the	  single-­‐stranded	  regions	  of	  
E.	  coli	  SgrS	  and	  manXEcar	  compared	  to	  manXYp	  (data	  not	  shown).	  The	  true	  nature	  of	  glucose-­‐phosphate	  stress	  including	  the	  cellular	  targets	  and	  pathways	  affected	  is	  still	  mysterious.	  	  However,	  this	  study	  provides	  additional	  evidence	  that	  PTS-­‐mediated	  transport	  of	  sugars	  and	  their	  subsequent	  metabolism	  are	  at	  the	  center	  of	  the	  stress.	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CHAPTER	  4	  
A	  bacterial	  small	  RNA	  binds	  twice	  to	  a	  polycistronic	  mRNA	  to	  
cooperatively	  regulate	  translation	  
	  
4.1.	  	  Introduction	  Many	  similarities	  exist	  between	  bacterial	  trans-­‐acting	  sRNAs	  and	  eukaryotic	  microRNAs	  (miRNAs).	  Both	  types	  of	  RNA	  regulators	  can	  target	  multiple	  mRNAs	  through	  short	  regions	  (7-­‐10	  bases)	  of	  imperfect	  complementarity.	  Additionally,	  in	  most	  instances,	  regulation	  by	  bacterial	  sRNAs	  or	  miRNAs	  results	  in	  negative	  effects	  on	  translation	  and/or	  mRNA	  stability	  (48,	  151).	  	  	   In	  Chapter	  3	  we	  discussed	  the	  identification	  of	  a	  second	  target	  of	  SgrS,	  the	  
manXYZ	  mRNA.	  We	  established	  that	  SgrS	  regulates	  manXYZ	  mRNA	  by	  base	  pairing	  within	  the	  coding	  sequence	  of	  manX	  to	  inhibit	  translation.	  The	  SgrS-­‐manX	  interaction	  stimulates	  degradation	  of	  the	  manXYZ	  message	  by	  the	  RNase	  E	  degradosome	  (120).	  Based	  on	  these	  results,	  we	  hypothesized	  that	  manY	  and	  manZ	  translation	  would	  also	  be	  regulated	  in	  an	  SgrS-­‐dependent	  manner	  as	  a	  result	  of	  the	  SgrS-­‐dependent	  degradation	  of	  manXYZ	  mRNA.	  	  In	  this	  chapter	  we	  present	  evidence	  that	  SgrS	  base	  pairs	  with	  sequences	  at	  a	  second	  site	  on	  the	  manXYZ	  mRNA,	  within	  the	  manX-­‐manY	  intergenic	  region.	  This	  second	  base	  pairing	  interaction	  allows	  SgrS	  to	  repress	  translation	  of	  manY	  independent	  of	  manX	  regulation.	  Furthermore,	  we	  show	  that	  while	  pairing	  at	  each	  site	  is	  fully	  sufficient	  for	  translational	  repression	  of	  each	  individual	  gene,	  binding	  to	  both	  the	  manX	  and	  manY	  sequences	  is	  required	  for	  maximal	  SgrS-­‐dependent	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turnover	  of	  the	  manXYZ	  mRNA.	  This	  study	  represents	  the	  first	  time	  a	  bacterial	  sRNA	  has	  been	  unequivocally	  demonstrated	  to	  bind	  at	  multiple	  locations	  on	  a	  single	  mRNA.	  The	  mechanism	  is	  reminiscent	  of	  miRNAs,	  which	  have	  been	  shown	  to	  bind	  an	  individual	  mRNA	  at	  multiple	  locations,	  where	  binding	  at	  all	  sites	  is	  required	  for	  maximal	  translational	  repression.	  	  
	  
4.2.	  	  Results	  4.2.1.	  	  SgrS	  regulates	  manY	  and	  manZ	  translation	  in	  the	  absence	  of	  manXYZ	  mRNA	  degradation	  Our	  prior	  study	  demonstrated	  that	  base	  pairing	  between	  the	  manX	  mRNA	  coding	  sequence	  and	  SgrS	  results	  in	  repression	  of	  manX	  translation.	  Furthermore,	  SgrS	  stimulates	  degradation	  of	  the	  full-­‐length	  polycistronic	  manXYZ	  mRNA.	  Repression	  of	  manX	  translation	  is	  not	  dependent	  on	  manXYZ	  mRNA	  degradation	  (Fig.	  3.12).	  To	  examine	  how	  SgrS	  affects	  translation	  of	  manY	  and	  manZ,	  lacZ	  translational	  fusions	  to	  manY	  and	  manZ	  were	  constructed	  at	  the	  native	  loci	  (Fig.	  4.1A).	  Analysis	  of	  activity	  of	  manXY'-­‐'lacZ	  and	  manXYZ'-­‐'lacZ	  in	  the	  presence	  and	  absence	  of	  ectopically	  expressed	  SgrS	  suggested	  that	  manY	  and	  manZ	  translation	  were	  also	  regulated	  in	  an	  SgrS-­‐dependent	  manner	  (Fig.	  4.1B).	  	  Specifically,	  manXY'-­‐
'lacZ	  activity	  was	  repressed	  by	  approximately	  80%	  in	  the	  presence	  of	  SgrS,	  while	  
manXYZ'-­‐'lacZ	  was	  repressed	  by	  approximately	  60%	  (Fig.	  4.1B).	  The	  manY	  gene	  is	  located	  62	  nt	  downstream	  of	  the	  manX	  stop	  codon	  and	  has	  its	  own	  putative	  RBS.	  In	  contrast,	  manZ	  is	  located	  only	  3	  nt	  downstream	  of	  the	  manY	  stop	  codon	  and	  is	  not	  preceeded	  by	  a	  recognizable	  RBS	  (Fig.	  4.2A,	  top	  panel).	  The	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distance	  between	  manX	  and	  manY	  would	  likely	  not	  allow	  for	  manX-­‐manY	  translational	  coupling	  (104,	  140),	  suggesting	  that	  the	  SgrS-­‐manX	  interaction	  would	  not	  be	  able	  to	  prevent	  manY	  or	  manZ	  translation.	  Instead,	  we	  hypothesized	  that	  repression	  of	  manY	  and	  manZ	  translation	  was	  a	  side	  effect	  of	  SgrS-­‐dependent	  
manXYZ	  mRNA	  degradation	  (Fig.	  4.2A,	  bottom	  panel).	  To	  test	  this	  hypothesis,	  	  
manXYʹ′-­‐ʹ′lacZ	  and	  manXYZʹ′-­‐ʹ′lacZ	  fusions	  were	  constructed	  in	  wild-­‐type	  and	  rne131	  backgrounds	  and	  activities	  of	  the	  fusions	  were	  measured	  with	  and	  without	  SgrS	  expression.	  The	  rne131	  allele	  encodes	  a	  C-­‐terminally	  truncated	  version	  of	  RNase	  E	  that	  is	  defective	  for	  degradosome	  assembly	  (85).	  We	  showed	  previously	  that	  in	  this	  background,	  manX	  translation	  is	  repressed	  by	  SgrS	  even	  though	  manXYZ	  mRNA	  is	  not	  degraded	  (Fig.	  3.12).	  	  Our	  hypothesis	  predicted	  that	  manY	  and	  manZ	  would	  not	  be	  regulated	  by	  SgrS	  in	  the	  absence	  of	  manXYZ	  mRNA	  degradation,	  therefore	  we	  expected	  no	  SgrS-­‐dependent	  regulation	  of	  manXYʹ′-­‐ʹ′lacZ	  or	  manXYZʹ′-­‐ʹ′lacZ	  in	  the	  
rne131	  background.	  Surprisingly,	  manXYʹ′-­‐ʹ′lacZ	  and	  manXYZʹ′-­‐ʹ′lacZ	  activities	  were	  regulated	  by	  SgrS	  in	  the	  rne131	  background	  to	  levels	  comparable	  to	  those	  in	  wild-­‐type	  cells.	  Specifically,	  manXYʹ′-­‐ʹ′lacZ	  activity	  was	  down-­‐regulated	  by	  SgrS	  ~4-­‐fold	  in	  wild-­‐type	  cells,	  compared	  to	  ~3-­‐fold	  in	  the	  rne131	  background,	  while	  manXYZʹ′-­‐ʹ′lacZ	  was	  down-­‐regulated	  ~3-­‐fold	  in	  wild-­‐type	  cells	  compared	  to	  ~2-­‐fold	  in	  the	  rne131	  background	  (Fig.	  4.2B).	  	  These	  results	  suggest	  that	  SgrS-­‐dependent	  translational	  regulation	  of	  manY	  and	  manZ	  is	  not	  dependent	  on	  degradosome	  assembly	  (Fig.	  4.2B)	  and	  more	  importantly	  does	  not	  require	  manXYZ	  mRNA	  degradation	  (Chapter	  3).	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Figure	  4.1.	  manY	  and	  manZ	  translation	  is	  repressed	  in	  an	  SgrS-­‐dependent	  
manner.	  A)	  Chromosomal	  lacZ	  translational	  fusions	  were	  constructed	  at	  the	  native	  loci.	  B)	  manXY'-­‐'lacZ	  (JH136)	  and	  manXYZ'-­‐'lacZ	  (JH130)	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  were	  grown	  to	  early	  log	  phase	  and	  0.1	  mM	  IPTG	  was	  added.	  	  Samples	  were	  harvested	  60	  min	  after	  IPTG	  addition	  and	  assayed	  for	  β-­‐galactosidase	  activity.	  	  Specific	  activities	  were	  normalized	  to	  the	  levels	  in	  the	  empty	  vector	  strain	  to	  yield	  %	  relative	  activity	  (reported	  in	  the	  graph).	  	  Specific	  activity	  values	  in	  Miller	  Units	  are	  reported	  below	  the	  graph.	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Figure	  4.2.	  	  SgrS-­‐dependent	  translational	  regulation	  of	  manY	  and	  manZ	  does	  
not	  require	  the	  degradosome.	  A)	  Top	  panel	  -­‐	  The	  manXYZ	  operon	  is	  organized	  such	  that	  62	  nt	  separate	  the	  stop	  codon	  of	  manX	  and	  the	  start	  condon	  of	  manY	  and	  3	  nt	  separate	  the	  stop	  codon	  of	  manY	  and	  the	  start	  codon	  of	  manZ.	  There	  is	  a	  putative	  ribosome	  binding	  site	  upstream	  of	  the	  manY	  start	  codon.	  	  Bottom	  panel	  –	  When	  exposed	  to	  non-­‐metabolizable	  glucose	  analogs	  αMG	  or	  2DG,	  SgrS	  is	  transcribed,	  base	  pairs	  with	  the	  coding	  sequence	  of	  manX	  and	  recruits	  the	  degradosome	  to	  degrade	  the	  manXYZ	  transcript	  (Chapter	  3).	  We	  hypothesized	  that	  the	  SgrS-­‐manX-­‐dependent	  degradation	  of	  manXYZ	  mRNA	  is	  responsible	  for	  manY	  and	  manZ	  regulation.	  B)	  
manXY'-­‐'lacZ	  strains	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  were	  analyzed	  in	  a	  wild-­‐type	  (JH256)	  or	  rne131	  (JH247)	  background	  and	  compared	  to	  manXYZ'-­‐'lacZ	  strains	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  in	  a	  wild-­‐type	  (JH275)	  or	  rne131	  (JH274)	  background	  and	  manXGUGY'-­‐'lacZ	  strains	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  in	  a	  wild-­‐type	  (JH257)	  or	  rne131	  (JH253)	  background.	  Strains	  were	  grown	  to	  early	  log	  phase	  and	  0.1	  mM	  IPTG	  was	  added	  to	  cultures.	  	  Samples	  were	  harvested	  60	  min	  after	  IPTG	  addition	  and	  assayed	  for	  β-­‐galactosidase	  activity.	  	  Miller	  units	  from	  all	  samples	  were	  normalized	  to	  the	  ΔsgrS	  levels	  to	  yield	  %	  relative	  activity.	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4.2.2.	  	  SgrS	  regulation	  of	  manY	  and	  manZ	  is	  independent	  of	  manX	  regulation	  The	  results	  above	  could	  be	  explained	  if	  regulation	  of	  manX	  translation	  engendered	  	  a	  polarity	  effect	  on	  manY	  and	  manZ.	  To	  test	  whether	  manY	  translational	  regulation	  was	  dependent	  on	  SgrS	  regulation	  of	  manX,	  a	  mutation	  in	  
manX	  was	  constructed	  in	  the	  context	  of	  the	  manXYʹ′-­‐ʹ′lacZ	  fusion.	  This	  mutation	  (denoted	  manXGUG)	  was	  previously	  shown	  to	  abrogate	  SgrS-­‐dependent	  manX	  translational	  regulation	  (120).	  The	  manXGUGYʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  analyzed	  for	  β-­‐galactosidase	  activity	  in	  the	  presence	  and	  absence	  of	  SgrS	  expression.	  Activity	  was	  reduced	  by	  4.5-­‐fold	  upon	  SgrS	  expression	  compared	  to	  that	  of	  empty-­‐vector	  control	  (Fig.	  4.2B).	  This	  result	  strongly	  suggested	  that	  SgrS	  represses	  manY	  translation	  by	  a	  mechanism	  independent	  of	  base	  pairing	  and	  translational	  repression	  at	  manX.	  	  We	  previously	  demonstrated	  that	  manXYZ	  mRNA	  is	  processed	  in	  a	  degradosome-­‐dependent	  manner,	  forming	  a	  manYZ	  species	  (120).	  To	  eliminate	  any	  possible	  influence	  on	  observed	  manXYʹ′-­‐ʹ′lacZ	  regulation	  from	  the	  manYZ	  species,	  
manXGUGYʹ′-­‐ʹ′lacZ	  was	  analyzed	  in	  the	  rne131	  background,	  where	  only	  the	  full-­‐length	  
manXYZ	  species	  exists	  (120).	  The	  mutant	  fusion	  manXGUGYʹ′-­‐ʹ′lacZ	  was	  still	  repressed	  by	  SgrS	  by	  ~3-­‐fold	  compared	  to	  empty	  vector	  control	  (Fig.	  4.2B)	  suggesting	  that	  the	  
manYZ	  species	  did	  not	  significantly	  influence	  manX-­‐independent	  regulation	  of	  manY	  translation.	  Together,	  these	  data	  indicate	  that	  SgrS	  regulation	  of	  manX	  is	  not	  polar	  on	  manY,	  rather,	  SgrS	  independently	  regulates	  manY	  translation.	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4.2.3.	  	  Characterization	  of	  manXYZ	  processing	  Further	  investigation	  into	  the	  processing	  of	  manXYZ	  mRNA	  was	  performed.	  RNA	  from	  wild-­‐type	  cells	  grown	  in	  minimal	  glucose,	  minimal	  mannose	  or	  minimal	  glycerol	  media	  was	  analyzed	  by	  northern	  blot	  analysis	  using	  a	  manY-­‐specific	  probe.	  Both	  manXYZ	  and	  manYZ	  mRNA	  species	  were	  present	  at	  similar	  levels	  at	  two	  different	  optical	  densities	  (OD600	  =	  ~0.5	  and	  ~1.0)	  corresponding	  to	  exponential	  phase	  (Fig.	  4.3A).	  In	  contrast,	  when	  the	  same	  northern	  blot	  was	  analyzed	  with	  a	  
ptsG-­‐specific	  probe,	  ptsG	  mRNA	  species	  appeared	  at	  the	  highest	  levels	  in	  minimal	  glucose	  medium	  (Fig.	  4.3A).	  These	  results	  suggest	  manXYZ	  is	  present	  and	  processed	  under	  a	  variety	  of	  growth	  different	  conditions.	  	  Previously	  we	  showed	  that	  manXYZ	  processing	  was	  independent	  of	  SgrS	  expression	  and	  dependent	  on	  degradosome	  assembly	  (120).	  The	  degradosome	  had	  not	  previously	  been	  reported	  to	  be	  important	  for	  mRNA	  processing	  (71,	  75,	  106).	  Therefore,	  the	  degradosome	  requirement	  in	  manXYZ	  processing	  led	  us	  to	  ask	  if	  there	  was	  another	  Hfq-­‐dependent	  sRNA	  that	  could	  be	  responsible	  for	  the	  processing	  event.	  To	  test	  this	  hypothesis,	  RNA	  was	  harvested	  before	  and	  after	  αMG	  addition	  (to	  induce	  stress)	  from	  wild-­‐type	  cells,	  ∆hfq	  and	  ∆sgrS	  cells.	  In	  the	  hfq	  mutant	  strain,	  SgrS	  and	  other	  Hfq-­‐dependent	  sRNAs	  are	  unstable	  and	  non-­‐functional	  (143,	  151).	  In	  wild-­‐type	  cells	  containing	  sgrS,	  manXYZ	  mRNA	  levels	  decreased	  30	  min	  after	  αMG	  treatment,	  as	  expected	  (Fig.	  4.3B,	  lanes	  1-­‐2).	  In	  ∆hfq	  cells,	  levels	  of	  the	  full-­‐length	  
manXYZ	  mRNA	  did	  not	  decrease	  after	  αMG	  addition	  because	  SgrS	  activity	  is	  dependent	  on	  Hfq	  in	  vivo	  (60,	  143)	  (Fig.	  3B,	  lanes	  3-­‐4).	  Interestingly,	  the	  manYZ	  species	  was	  still	  present	  in	  the	  ∆hfq	  background,	  suggesting	  that	  Hfq	  is	  not	  required	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for	  processing	  and	  that	  an	  Hfq-­‐dependent	  sRNA	  does	  not	  mediate	  the	  processing.	  In	  cells	  lacking	  SgrS,	  the	  presence	  or	  absence	  of	  hfq	  did	  not	  change	  manXYZ	  mRNA	  levels	  (Fig.	  4.3B,	  lanes	  5-­‐8),	  confirming	  that	  SgrS	  is	  the	  only	  Hfq-­‐dependent	  sRNA	  acting	  on	  these	  message	  under	  glucose-­‐phosphate	  stress	  conditions.	  	  Involvement	  of	  the	  degradosome	  (Fig.	  3.12)	  and	  the	  presence	  of	  putative	  RNase	  E	  processing	  sites	  (Fig.	  3.3)	  suggested	  that	  RNase	  E	  cleaves	  manXYZ	  to	  yield	  
manYZ.	  To	  analyze	  the	  involvement	  of	  RNase	  E	  catalytic	  activity	  in	  the	  processing	  of	  
manXYZ	  mRNA,	  RNA	  was	  extracted	  from	  cells	  containing	  an	  RNase	  E	  temperature-­‐sensitive	  allele,	  rneTs,	  and	  compared	  to	  RNA	  from	  wild-­‐type	  and	  rne131	  (rneC)	  cells.	  Wild-­‐type	  cells	  expressed	  the	  manXYZ	  and	  manYZ	  species	  at	  30°C	  and	  43.5°C	  (Fig.	  4.3C,	  lanes	  1-­‐2).	  In	  contrast,	  rne(Ts)	  (rneTs)	  cells	  contained	  the	  processed	  manYZ	  species	  at	  30°C	  but	  not	  at	  43.5°C	  (Fig.	  4.3C,	  lanes	  3-­‐4),	  where	  RNase	  E	  catalytic	  activity	  was	  inactivated	  by	  the	  increase	  in	  temperature.	  The	  strain	  expressing	  the	  degradosome	  assembly	  mutant,	  rne131	  (rneC)	  contained	  a	  minor	  amount	  of	  the	  
manYZ	  species	  at	  both	  30°C	  and	  43.5°C	  (Fig.	  4.3C,	  lanes	  5-­‐6).	  Together	  these	  results	  indicate	  that	  degradosome	  assembly	  and	  RNase	  E	  catalytic	  activity	  are	  required	  to	  cleave	  the	  manXYZ	  mRNA	  into	  the	  processed	  manYZ	  species.	  	  
	   88	  
	  
Figure	  4.3.	  	  manXYZ	  mRNA	  is	  processed	  in	  an	  Hfq	  sRNA-­‐independent	  manner	  
under	  a	  variety	  of	  conditions.	  A)	  Wild-­‐type	  (DJ480)	  cells	  were	  grown	  to	  mid-­‐log	  phase	  in	  minimal	  0.2%	  glucose	  (Glc),	  minimal	  0.2%	  mannose	  (Man)	  or	  minimal	  0.4%	  glycerol	  (Gly).	  RNA	  was	  extracted	  at	  times	  indicated	  and	  analyzed	  by	  northern	  Blot	  analysis	  using	  manY-­‐,	  ptsG-­‐	  or	  ssrA-­‐specific	  probes.	  	  SsrA	  served	  as	  the	  loading	  control.	  ImageJ	  was	  used	  to	  quantify	  band	  intensities	  and	  correct	  for	  uneven	  loading.	  Corrected	  intensities	  for	  each	  band	  were	  then	  normalized	  to	  time	  0	  (set	  at	  1.0).	  Expression	  relative	  to	  time	  zero	  is	  reported	  below	  the	  blot	  (‘Rel.	  Exp.’).	  B)	  
manXYZ	  mRNA	  from	  sgrS+	  (DJ480)	  or	  ΔsgrS	  (CS104)	  backgrounds	  were	  compared	  to	  
manXYZ	  mRNA	  from	  Δhfq	  strains	  containing	  wild-­‐type	  sgrS	  (JH343)	  or	  the	  sgrS	  deletion	  (JH344).	  Strains	  were	  grown	  to	  mid-­‐log	  phase	  and	  0.5%	  αMG	  was	  added	  to	  the	  cultures.	  	  RNA	  was	  extracted	  at	  times	  indicated	  and	  analyzed	  by	  northern	  blotting	  as	  described	  in	  A.	  	  C)	  manXYZ	  mRNA	  from	  the	  wild-­‐type	  (DJ480)	  background	  was	  compared	  to	  manXYZ	  mRNA	  from	  two	  different	  rne	  mutant	  strains	  containing	  either	  rneTS	  (EM1277)	  or	  rneC	  (rne131	  allele,	  EM1377).	  	  RNA	  was	  harvested	  and	  analyzed	  by	  northern	  blotting	  as	  described	  in	  A.	  ImageJ	  was	  used	  to	  quantify	  band	  intensities	  and	  correct	  for	  uneven	  loading.	  Corrected	  intensities	  were	  used	  to	  compare	  expression	  of	  manYZ	  to	  manXYZ.	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4.2.4.	  	  Defining	  the	  region	  required	  for	  SgrS-­‐dependent	  manY	  regulation	  The	  results	  presented	  in	  Fig.	  4.2B	  indicate	  that	  neither	  degradation	  of	  
manXYZ	  mRNA	  nor	  SgrS-­‐dependent	  manX	  regulation	  are	  required	  for	  SgrS	  to	  regulate	  manY	  or	  manZ.	  Therefore,	  we	  set	  out	  to	  define	  the	  sequence	  requirements	  for	  SgrS	  regulation	  of	  manY.	  A	  series	  of	  translational	  lacZ	  fusions	  with	  various	  portions	  of	  manX	  and	  manY	  sequence	  was	  constructed	  (Fig.	  4.4A).	  A	  synthetic	  constitutive	  promoter	  Cp19	  (58)	  was	  used	  to	  drive	  transcription	  of	  truncated	  reporter	  fusions	  (Fig.	  4.4A).	  The	  two	  fusions	  containing	  all	  (manXYʹ′)	  or	  part	  (ʹ′manXYʹ′)	  of	  the	  manX	  coding	  sequence	  were	  both	  repressed	  upon	  SgrS	  expression	  (Fig.	  4.4B).	  Likewise,	  the	  fusion	  containing	  the	  full	  intergenic	  region	  (62-­‐manYʹ′)	  was	  repressed	  by	  SgrS.	  Truncation	  of	  the	  intergenic	  region	  to	  40nt	  (40-­‐manYʹ′)	  or	  25nt	  (25-­‐manYʹ′)	  eliminated	  SgrS-­‐dependent	  repression	  (Fig.	  4.4B).	  These	  results	  imply	  that	  nucleotide	  elements	  between	  the	  62	  and	  40	  nt	  truncations	  are	  required	  for	  SgrS	  to	  regulate	  manY	  translation.	  	   The	  40-­‐manYʹ′	  fusion	  has	  the	  same	  5ʹ′	  end	  as	  the	  longest	  processed	  manYZ	  product	  we	  have	  detected	  (Fig.	  3.3C	  and	  Fig.	  4.4A).	  The	  fact	  that	  SgrS	  cannot	  regulate	  a	  fusion	  with	  this	  5ʹ′	  end	  suggests	  that	  SgrS	  can	  only	  bind	  to	  and	  regulate	  
manY	  translation	  in	  the	  context	  of	  the	  full-­‐length	  manXYZ	  mRNA.	  Additionally,	  sequence	  alignment	  of	  manXYZ	  orthologs	  revealed	  that	  the	  processing	  sites	  are	  conserved	  among	  closely	  related	  species	  (Fig.	  4.5),	  further	  implying	  that	  the	  40-­‐
manY'-­‐'lacZ	  fusion	  is	  representative	  of	  the	  longest	  manYZ	  transcript	  and	  that	  SgrS	  would	  not	  bind	  to	  manYZ	  transcripts	  in	  those	  species.	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Figure	  4.4.	  	  The	  manX	  sequence	  is	  not	  required	  for	  manY	  translational	  
regulation.	  A)	  Chromosomal	  lacZ	  translational	  fusions	  were	  constructed	  at	  the	  native	  locus.	  	  The	  native	  promoter	  of	  manX	  was	  replaced	  with	  the	  constitutive	  Cp19	  promoter	  (58).	  Cp19	  was	  also	  placed	  at	  various	  locations	  upstream	  the	  manY	  start	  codon,	  thereby	  deleting	  sequences	  of	  manX	  or	  manY.	  	  B)	  	  Strains	  with	  Cp19-­‐manXY'-­‐
'lacZ	  (JH314),	  Cp19-­‐'manXY'-­‐'lacZ	  (JH315),	  Cp19-­‐62-­‐manY'-­‐'lacZ	  (JH316),	  Cp19-­‐40-­‐
manY'-­‐'lacZ	  (JH346)	  or	  Cp19-­‐25-­‐manY'-­‐'lacZ	  (JH320)	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  were	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  1C.	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Figure	  4.5.	  The	  manXYZ	  processing	  region	  is	  partially	  conserved.	  B)	  An	  alignment	  of	  manXYZ	  orthologs	  highlights	  partial	  conservation	  of	  the	  manXYZ	  processing	  site.	  5'	  processing	  ends	  of	  the	  manYZ	  species	  identified	  previously	  (Fig.	  3.3C)	  are	  denoted	  by	  bold	  arrows.	  	  The	  boxed	  regions	  represent	  bases	  of	  manY	  that	  participate	  in	  E.	  coli	  SgrS	  base	  pairing;	  the	  manX	  stop	  codon	  and	  manY	  start	  codon	  are	  marked.	  	  4.2.5.	  	  SgrS	  base	  pairs	  with	  sequences	  in	  the	  manX-­‐manY	  intergenic	  region	  to	  regulate	  manY	  translation	  The	  single-­‐stranded	  3ʹ′	  region	  of	  SgrS	  regulates	  two	  of	  its	  targets,	  ptsG	  and	  
manX	  mRNA,	  by	  base	  pairing	  with	  sequences	  overlapping	  the	  RBS	  or	  within	  the	  coding	  region,	  respectively	  (60,	  120,	  143).	  Based	  on	  the	  results	  and	  analyses	  of	  truncated	  fusions,	  we	  predicted	  SgrS	  would	  pair	  with	  nucleotides	  in	  the	  manX-­‐manY	  intergenic	  region.	  A	  region	  of	  complementarity	  between	  SgrS	  and	  sequences	  upstream	  of	  the	  putative	  manY	  RBS,	  overlapping	  the	  manY	  processing	  region,	  was	  identified	  (Fig.	  4.6A).	  The	  SgrS	  nucleotides	  encompassed	  in	  this	  predicted	  interaction	  region	  partially	  overlap	  with	  the	  bases	  involved	  in	  pairing	  with	  ptsG	  and	  
manX	  mRNAs	  (60,	  120,	  143),	  but	  are	  partially	  distinct	  (Fig.	  4.6A).	  In	  vitro	  footprinting	  analysis	  with	  radio-­‐labeled	  SgrS	  and	  unlabeled	  manY	  mRNA	  demonstrated	  a	  manY	  mRNA-­‐dependent	  region	  of	  protection	  spanning	  SgrS	  residues	  G168	  to	  U179	  (Fig.	  4.6B).	  This	  region	  of	  SgrS	  protection	  exactly	  matched	  
K. pneumoniae     ----CGAAACTGAAAATGATGGATCTGATCGCCAAGGTTGATAAATAACCCG----GCCG 52!
S. typhimurium    GATCCGAAACTGAAAATGATGGATTTAATTGCCAAAGTGGCGAAATAACC------GCCG 54!
E. coli           ----------TGAAAATGATGGATCTGATCAGCAAAATCGATAAGTAACGTATTGTGTTG 50!
                          ************** * **   ***  * *  ** ****       *  *!
!
!
!
K. pneumoniae     ATCGCGCCCCAGTTTTCAC-TTTAAGACTTA-ATCAACAGGAGAAGTACAATGGAGATTA 110!
S. Typhimurium    GCATTTAATTAGCTTTCACACTTAAGAT----AGCAATAGGAGAAGTACAATGGAGATTA 110!
E. coli           ATTATCACTCAGTTTTCACACTTAAGTCTTACGTAAACAGGAGAAGTACAATGGAGATTA 110!
                            ** ******  *****         ** **********************!
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the	  base	  pairing	  predictions	  of	  Figure	  4.6A,	  confirming	  that	  SgrS	  interacts	  with	  the	  
manX-­‐manY	  intergenic	  region.	  To	  genetically	  verify	  the	  interaction,	  mutant	  SgrS	  alleles	  were	  analyzed	  for	  their	  ability	  to	  regulate	  a	  manXʹ′-­‐ʹ′lacZ	  translational	  fusion	  and	  the	  62-­‐manYʹ′-­‐ʹ′lacZ	  translational	  fusion.	  Mutant	  SgrS	  alleles	  contained	  G176C,	  G178C	  (sgrS1)	  or	  A173T,	  C174G	  (sgrS24)	  substitutions.	  The	  mutations	  in	  both	  of	  these	  SgrS	  alleles	  were	  predicted	  to	  interfere	  with	  regulation	  of	  manY	  but	  not	  manX	  (Fig.	  4.6A	  and	  Fig.	  3.8).	  As	  previously	  shown	  (120),	  SgrS1	  repressed	  manXʹ′-­‐ʹ′lacZ	  activity	  as	  well	  as	  wild-­‐type	  SgrS	  (Fig.	  4.6C).	  In	  contrast,	  SgrS1	  was	  deficient	  in	  repression	  of	  62-­‐manYʹ′-­‐ʹ′lacZ	  (Fig.	  4.6C).	  SgrS24	  displayed	  the	  same	  pattern	  of	  regulation;	  it	  regulated	  manXʹ′-­‐ʹ′lacZ	  activity	  as	  well	  as	  wild-­‐type	  SgrS	  but	  was	  deficient	  in	  regulation	  of	  62-­‐manYʹ′-­‐ʹ′lacZ	  activity.	  The	  fact	  that	  SgrS1	  and	  SgrS24	  were	  able	  to	  repress	  manXʹ′-­‐ʹ′lacZ	  to	  wild-­‐type	  levels	  suggested	  that	  each	  of	  these	  mutants	  retained	  the	  appropriate	  structure	  and	  that	  loss	  of	  regulation	  of	  62-­‐manYʹ′-­‐
ʹ′lacZ	  reflects	  that	  distinct	  residues	  of	  SgrS	  are	  required	  for	  regulation	  of	  manX	  and	  
manY	  translation.	  To	  further	  confirm	  a	  base	  pairing	  mechanism	  of	  regulation	  between	  SgrS	  and	  manY,	  wild-­‐type	  SgrS	  and	  mutant	  allele	  SgrS24	  were	  analyzed	  for	  their	  ability	  to	  regulate	  a	  mutant	  manY	  fusion	  62-­‐manYS1ʹ′-­‐ʹ′lacZ	  containing	  mutations	  (G39C,	  T35A)	  that	  should	  disrupt	  pairing	  with	  wild-­‐type	  SgrS	  but	  restore	  pairing	  with	  SgrS24.	  Consistent	  with	  all	  other	  evidence,	  SgrS	  was	  deficient	  in	  regulating	  62-­‐manYS1ʹ′-­‐ʹ′lacZ	  whereas	  SgrS24	  regulated	  62-­‐manYS1ʹ′-­‐ʹ′lacZ	  activity	  to	  near	  wild-­‐type	  levels	  (Fig.	  4.6C).	  These	  results	  confirm	  that	  SgrS	  base	  pairs	  with	  sequences	  in	  the	  manX-­‐manY	  intergenic	  region	  to	  control	  manY	  translation	  independent	  of	  manX	  translational	  control.	  Furthermore,	  this	  establishes	  the	  first	  
	   93	  
confirmed	  example	  of	  a	  bacterial	  sRNA	  that	  base	  pairs	  at	  two	  different	  sites	  on	  a	  single	  mRNA.	  
	  
Figure	  4.6.	  	  SgrS	  base	  pairs	  within	  the	  manX-­‐manY	  intergenic	  region.	  	  A)	  Alignment	  of	  manY	  and	  SgrS	  RNA	  sequences	  shows	  complementarity	  between	  the	  intergenic	  region	  of	  manX	  and	  manY	  and	  the	  3'	  region	  of	  SgrS.	  	  Pairing	  confirmed	  by	  footprinting	  analyses	  is	  indicated	  by	  vertical	  lines.	  The	  manY	  RBS	  is	  denoted	  by	  a	  solid	  line;	  5'	  ends	  of	  the	  processed	  manYZ	  species	  identified	  previously	  (Fig.	  3.3C)	  are	  denoted	  by	  bold	  arrows.	  The	  boxed	  region	  highlights	  bases	  mutated	  to	  test	  base	  pairing.	  	  B)	  In	  vitro	  transcribed	  SgrS	  was	  labeled	  with	  32P	  (SgrS*)	  and	  incubated	  with	  unlabeled	  manY	  where	  noted	  and	  treated	  with:	  T1,	  RNase	  T1;	  OH,	  alkaline	  hydrolysis;	  PbAc,	  lead	  acetate.	  	  The	  positions	  of	  G	  residues	  are	  shown.	  	  C)	  Cp19-­‐
manX'-­‐'lacZ	  (JH175),	  Cp19-­‐62-­‐manY'-­‐'lacZ	  (JH316)	  and	  Cp19-­‐manYS1'-­‐'lacZ	  (JH332)	  strains	  carrying	  an	  empty	  vector,	  Plac-­‐sgrS,	  Plac-­‐sgrS1	  or	  Plac-­‐sgrS24	  were	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  4.1B.	  	  	  4.2.6.	  	  SgrS-­‐manZ	  translational	  regulation	  is	  dependent	  on	  manY	  translation	  Only	  three	  nucleotides	  exist	  between	  the	  stop	  codon	  of	  manY	  and	  the	  start	  codon	  on	  manZ	  (Fig.	  4.2A)	  making	  these	  two	  genes	  candidates	  for	  translational	  coupling	  (104,	  140).	  Therefore,	  we	  hypothesized	  that	  manY	  regulation	  causes	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polarity	  on	  manZ	  as	  a	  result	  of	  translational	  coupling	  of	  manY	  and	  manZ.	  To	  test	  this	  hypothesis,	  	  a	  Cp19-­‐62-­‐manYZʹ′-­‐ʹ′lacZ	  fusion	  was	  analyzed	  for	  regulation	  by	  SgrS	  and	  SgrS24.	  The	  presence	  of	  Cp19-­‐62-­‐manY	  served	  to	  eliminate	  SgrS	  regulation	  through	  
manX.	  If	  manZ	  translation	  were	  coupled	  to	  that	  of	  manY,	  we	  would	  expect	  the	  activity	  of	  this	  fusion	  to	  would	  be	  insensitive	  to	  SgrS24,	  which	  fails	  to	  regulate	  manY	  translation	  (Fig.	  4.6C).	  As	  predicted,	  Cp19-­‐62-­‐manYZʹ′-­‐ʹ′lacZ	  activity	  was	  reduced	  in	  the	  presence	  of	  wild-­‐type	  SgrS	  compared	  to	  empty	  vector,	  while	  activity	  was	  unaffected	  in	  the	  presence	  of	  SgrS24	  (Fig.	  4.6).	  These	  results	  suggest	  that	  SgrS	  regulation	  of	  manZ	  is	  dependent	  on	  the	  SgrS-­‐manY	  interaction.	  
	  
Figure	  4.7.	  SgrS-­‐manZ	  translational	  regulation	  is	  dependent	  on	  SgrS-­‐manY	  
regulation.	  A)	  Chromosomal	  lacZ	  translational	  fusions	  were	  constructed	  at	  the	  native	  loci.	  B)	  The	  Cp19-­‐62-­‐manYZ'-­‐'lacZ	  (JH353)	  strain	  carrying	  an	  empty	  vector,	  Plac-­‐sgrS	  or	  Plac-­‐sgrS24	  was	  grown	  to	  early	  log	  phase	  and	  0.1	  mM	  IPTG	  was	  added.	  	  Samples	  were	  harvested	  60	  min	  after	  IPTG	  addition	  and	  assayed	  for	  β-­‐galactosidase	  activity.	  	  Specific	  activities	  were	  normalized	  to	  the	  levels	  in	  the	  empty	  vector	  strain	  to	  yield	  %	  relative	  activity	  (reported	  in	  the	  graph).	  	  Specific	  activity	  values	  in	  Miller	  Units	  are	  reported	  below	  the	  graph.	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4.2.7.	  	  The	  SgrS-­‐manY	  interaction	  is	  sufficient	  to	  recruit	  the	  degradosome	  to	  manXYZ	  The	  data	  presented	  in	  this	  and	  Chapter	  3	  clearly	  demonstrate	  that	  SgrS	  pairs	  at	  two	  locations	  on	  the	  manXYZ	  mRNA;	  within	  manX	  coding	  sequence	  as	  well	  as	  upstream	  of	  the	  manY	  RBS.	  In	  some	  eukaryotic	  organisms,	  multiple	  copies	  of	  a	  miRNA	  pairing	  at	  distinct	  regions	  on	  a	  single	  target	  mRNA	  are	  required	  for	  maximal	  translational	  regulation	  of	  the	  target	  (140,	  153).	  Our	  data	  demonstrate	  that	  SgrS	  alleles	  unable	  to	  regulate	  manX	  translation	  still	  regulate	  manY	  translation,	  and	  vice	  versa	  (Fig.	  3.9A,	  4.2B	  and	  4.6C),	  so	  the	  base	  pairing	  redundancy	  is	  not	  required	  for	  translational	  regulation	  of	  each	  gene	  individually.	  However,	  it	  still	  remained	  possible	  that	  base	  pairing	  at	  both	  sites	  was	  required	  for	  full	  regulation	  at	  the	  level	  of	  mRNA	  degradation.	  	  Therefore,	  we	  investigated	  this	  possibility.	  	  First,	  we	  examined	  whether	  the	  SgrS-­‐manY	  interaction	  was	  sufficient	  to	  stimulate	  degradation	  of	  the	  
manXYZ	  full-­‐length	  message.	  	  In	  order	  to	  separate	  manX	  pairing	  from	  manY	  pairing,	  the	  Cp19-­‐manXGUGYZ	  construct	  was	  placed	  on	  the	  chromosome	  in	  wild-­‐type	  and	  ∆sgrS	  backgrounds.	  Since	  the	  manXGUG	  mutant	  does	  not	  permit	  SgrS	  regulation	  of	  
manX	  translation,	  any	  observed	  degradation	  of	  manXYZ	  mRNA	  should	  be	  due	  to	  pairing	  at	  the	  manX-­‐manY	  intergenic	  site	  (i.e.	  SgrS-­‐manY	  pairing).	  Northern	  blot	  analysis	  was	  performed	  to	  measure	  manXGUGYZ	  mRNA	  levels	  after	  stress	  was	  induced	  by	  addition	  of	  αMG.	  In	  wild-­‐type	  cells,	  levels	  of	  manXGUGYZ	  transcript	  were	  decreased	  by	  50%	  following	  addition	  of	  aMG	  (Fig.	  4.8A,	  lanes	  1-­‐5).	  In	  contrast,	  cells	  lacking	  sgrS	  displayed	  slightly	  increased	  levels	  of	  manXGUGYZ	  transcript	  (Fig.	  4.8A,	  lanes	  6-­‐10).	  Previously,	  SgrS-­‐dependent	  degradation	  of	  wild-­‐type	  manXYZ	  mRNA	  reduced	  to	  manXYZ	  to	  non-­‐detectable	  levels	  after	  30	  minutes	  in	  the	  wild-­‐type	  strain	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under	  the	  same	  conditions	  (Fig.	  3.3B).	  This	  result	  suggests	  that	  the	  SgrS-­‐manY	  interaction	  is	  enough	  to	  confer	  partial	  degradation	  of	  manXYZ	  mRNA.	  	  
	  
Figure	  4.8.	  Pairing	  of	  SgrS	  at	  multiple	  sites	  on	  manXYZ	  mRNA	  is	  required	  for	  
maximum	  manXYZ	  degradation.	  	  Cells	  containing	  the	  Cp19-­‐manXGUGYZ	  fusion	  in	  wild-­‐type	  sgrS+	  (JH341)	  or	  ΔsgrS	  (JH342)	  backgrounds	  were	  grown	  to	  mid-­‐log	  phase	  and	  0.5%	  αMG	  was	  added	  to	  the	  cultures.	  	  RNA	  was	  extracted	  at	  times	  indicated	  and	  analyzed	  by	  northern	  blot	  as	  described	  in	  Fig.	  3.3B.	  
	  
4.3.	  	  Discussion	  SgrS	  has	  been	  thoroughly	  established	  as	  a	  unique	  regulatory	  sRNA,	  not	  only	  because	  it	  acts	  as	  an	  mRNA	  to	  encode	  a	  small	  peptide,	  but	  also	  because	  it	  acts	  as	  a	  global	  repressor	  of	  glucose-­‐phosphate	  stress	  by	  down-­‐regulating	  multiple	  PTS	  genes	  (122).	  SgrS	  carries	  out	  its	  base	  pairing	  functions	  using	  the	  3ʹ′	  region	  of	  SgrS,	  but	  targets	  different	  regions	  on	  the	  mRNAs;	  for	  ptsG,	  SgrS	  hybridizes	  to	  the	  RBS;	  for	  
manX,	  SgrS	  hybridizes	  in	  the	  5ʹ′	  coding	  sequence	  ((60)	  and	  Chapter	  3).	  We	  now	  have	  identified	  yet	  another	  unique	  aspect	  of	  SgrS	  regulation;	  SgrS	  binds	  to	  two	  regions	  on	  the	  same	  mRNA	  to	  coordinate	  degradation	  of	  the	  full-­‐length	  manXYZ	  message	  (Fig.	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4.9).	  Analysis	  of	  manY	  and	  manZ	  translational	  fusions	  demonstrated	  that	  translation	  of	  manY	  and	  manZ	  were	  negatively	  regulated	  in	  an	  SgrS-­‐dependent	  manner	  (Fig.	  4.1).	  We	  initially	  hypothesized	  that	  the	  translational	  regulation	  was	  a	  result	  of	  the	  SgrS-­‐manX	  interaction	  recruiting	  the	  degradosome	  to	  degrade	  the	  manXYZ	  mRNA.	  When	  we	  analyzed	  manY	  and	  manZ	  translational	  fusions	  in	  the	  presence	  of	  SgrS	  but	  in	  the	  absence	  of	  degradosome	  assembly,	  we	  discovered	  that	  degradation	  of	  
manXYZ	  was	  not	  required	  to	  regulate	  the	  latter	  two	  genes	  in	  the	  operon	  (Fig.	  4.2).	  Narrowing	  down	  the	  requirements	  for	  manY	  regulation	  led	  us	  to	  discover	  that	  none	  of	  the	  manX	  sequence	  was	  required	  for	  manY	  regulation	  (Fig.	  4.4).	  Rather,	  in	  vitro	  footprinting	  analysis	  and	  genetic	  complementation	  experiments	  demonstrated	  that	  SgrS	  pairs	  additionally	  within	  the	  manXY	  intergenic	  region	  to	  regulate	  manY	  translation	  (Fig.	  4.6).	  Because	  this	  pairing	  site	  lies	  directly	  upstream	  of	  the	  manY	  RBS,	  and	  we	  know	  that	  the	  degradosome	  is	  not	  required	  for	  manY	  regulation,	  we	  hypothesize	  that	  SgrS	  prevents	  manY	  translation	  by	  inhibiting	  ribosome	  binding	  and	  translational	  initiation	  at	  manY.	  	  Furthermore,	  manZ	  translation	  was	  shown	  to	  be	  coupled	  to	  manY	  translation	  (Fig.	  4.7),	  suggesting	  that	  the	  SgrS-­‐manY	  interaction	  is	  sufficient	  to	  regulate	  manZ	  translation	  as	  well.	  	  Recently,	  coordinate	  regulation	  of	  the	  genes	  in	  an	  operon	  by	  the	  Hfq-­‐independent	  sRNA	  RsaE	  in	  Staphylococcus	  aureus	  was	  suggested	  by	  independent	  identification	  of	  two	  pairing	  interactions	  between	  RsaE	  and	  two	  different	  cistrons	  on	  the	  opp-­‐3	  polycistronic	  transcript	  (14).	  	  Here	  we	  present	  the	  first	  experimental	  confirmation	  of	  a	  bacterial	  sRNA	  that	  binds	  to	  two	  sites	  on	  the	  same	  mRNA	  transcript.	  Interestingly,	  the	  eukaryotic	  miRNA	  Lin-­‐4	  is	  well	  known	  for	  its	  ability	  to	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pair	  seven	  times	  on	  the	  same	  lin-­‐14	  mRNA	  (Fig.	  4.9	  and	  (67,	  153)).	  Furthermore,	  Wightman	  et	  al.	  demonstrated	  that	  pairing	  to	  the	  seven	  sites	  on	  the	  lin-­‐14	  message	  is	  required	  for	  maximum	  regulation	  of	  lin-­‐14	  translation	  (153).	  To	  determine	  whether	  pairing	  at	  manX	  and	  manY	  was	  required	  for	  maximal	  regulation	  of	  manXYZ	  mRNA,	  northern	  blot	  analysis	  was	  performed	  on	  a	  manXYZ	  mutant	  that	  was	  not	  susceptible	  to	  SgrS-­‐manX	  binding.	  We	  found	  that	  mutations	  in	  manX	  that	  abolished	  the	  SgrS-­‐manX	  interaction	  still	  enabled	  SgrS	  to	  recruit	  the	  degradosome	  to	  manXYZ,	  although	  the	  extent	  of	  degradation	  was	  reduced	  (Fig.	  4.9).	  This	  suggested	  that	  the	  SgrS-­‐manX	  and	  SgrS-­‐manY	  interactions	  are	  both	  required	  for	  full	  manXYZ	  regulation,	  similar	  to	  the	  seven	  Lin-­‐4	  binding	  sites	  that	  are	  required	  for	  lin-­‐14	  regulation	  in	  C.	  elegans	  (Fig.	  4.9	  and	  (67,	  153)).	  These	  results	  lead	  us	  to	  propose	  the	  model	  of	  manXYZ	  regulation	  shown	  in	  Figure	  4.9.	  Under	  stress	  conditions,	  SgrS	  independently	  binds	  to	  manX	  and	  manY	  sites	  to	  inhibit	  translation	  of	  manX	  and	  
manYZ	  independently.	  Then,	  both	  interactions	  recruit	  the	  RNase	  E	  degradosome	  to	  the	  manXYZ	  mRNA,	  stimulating	  manXYZ	  degradation	  and	  rendering	  the	  SgrS	  regulation	  of	  this	  operon	  irreversible.	  It	  is	  likely	  that	  SgrS	  pairing	  at	  manY	  ensures	  that	  manY	  is	  not	  translated	  during	  the	  SgrS-­‐manX	  degradosome	  recruitment	  process.	  The	  advantage	  of	  requiring	  pairing	  at	  both	  regions	  to	  obtain	  maximal	  degradation	  of	  manXYZ	  is	  unclear.	  Investigation	  into	  the	  stability	  of	  the	  manXYZ	  mRNA	  shows	  that	  manXYZ	  is	  slightly	  more	  stable	  that	  ptsG	  mRNA	  (Fig.	  4.10	  and	  (62)).	  Recruitment	  of	  the	  degradosome	  to	  both	  sites	  might	  ensure	  that	  the	  more	  intrinsically	  stable	  manXYZ	  message	  is	  more	  efficiently	  regulated	  by	  SgrS.	  	  Interestingly,	  SgrS-­‐manY	  regulation	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uses	  the	  same	  region	  of	  SgrS	  involved	  in	  ptsG	  regulation.	  However,	  manY	  regulation	  does	  not	  appear	  to	  be	  as	  conserved	  as	  ptsG	  regulation.	  	  Analysis	  of	  the	  ability	  of	  SgrS	  orthologs’	  (Chapter	  3)	  to	  regulate	  62-­‐manY'-­‐'lacZ	  showed	  that	  the	  same	  orthologs	  that	  regulate	  manX	  (Fig	  3.15)	  also	  regulate	  manY,	  while	  the	  SgrS	  orthologs	  that	  failed	  to	  regulate	  manX	  also	  failed	  to	  regulate	  manY	  (Fig.	  4.11).	  These	  results	  may	  suggest	  that	  the	  dual	  pairing	  of	  SgrS	  on	  manXYZ	  is	  a	  conserved	  mechanism	  for	  
manXYZ	  regulation	  in	  some,	  but	  not	  all,	  enteric	  species.	  Several	  examples	  of	  sRNAs	  discoordinately	  regulating	  polycistronic	  transcripts	  have	  been	  described.	  For	  example,	  Spot42	  inhibits	  galK	  translation	  in	  the	  galETKM	  operon	  while	  RyhB	  selectively	  inhibits	  translation	  of	  iscS	  in	  the	  
iscRSUA	  operon	  (Chapter	  1.3.3).	  However	  neither	  of	  these	  sRNAs	  down-­‐regulate	  all	  of	  the	  genes	  in	  their	  respective	  operons.	  The	  mechanism	  we	  describe	  here	  may	  be	  unique	  or	  may	  turn	  out	  to	  be	  a	  common	  mechanism	  for	  regulation	  of	  bacterial	  mRNAs	  encoding	  multiple	  protein	  products.	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Figure	  4.9.	  The	  proposed	  SgrS-­‐manXYZ	  regulatory	  mechanism	  is	  reminiscent	  
of	  a	  eukaryotic	  microRNA	  mechanism.	  Top	  panel	  –	  The	  new	  model	  of	  SgrS	  regulation	  of	  manXYZ	  mRNA	  is	  as	  follows:	  SgrS	  binds	  to	  sites	  with	  in	  the	  manX	  coding	  sequence	  and	  the	  manX-­‐manY	  intergenic	  region	  to	  inhibit	  translation	  of	  
manX	  and	  manY,	  respectively.	  Both	  base	  pairings	  sites	  are	  unique,	  but	  occur	  within	  overlapping	  regions	  on	  SgrS.	  Both	  the	  SgrS-­‐manX	  interaction	  and	  the	  SgrS-­‐manY	  interaction	  are	  required	  to	  recruit	  the	  degradosome	  to	  the	  manXYZ	  mRNA.	  Bottom	  panel	  –	  The	  eukaryotic	  miRNA	  lin-­‐4	  has	  a	  similar	  mechanism	  to	  SgrS;	  lin-­‐4	  miRNA	  binds	  at	  multiple	  sites	  on	  the	  lin-­‐14	  mRNA	  to	  negatively	  regulate	  translation	  of	  lin-­‐
14.	  Each	  pairing	  is	  unique	  and	  required	  for	  maximum	  degradation.	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Figure	  4.10.	  	  Analysis	  of	  manXYZ	  and	  manYZ	  mRNA	  stabilities.	  	  A)	  Cp19-­‐manXYZ	  (JH124)	  was	  grown	  to	  mid-­‐log	  phase	  and	  250	  μg/ml	  rifampicin	  was	  added	  to	  the	  cultures.	  	  RNA	  was	  extracted	  at	  times	  indicated	  and	  analyzed	  by	  northern	  blot	  using	  
manY-­‐	  or	  ssrA-­‐specific	  probes.	  B)	  ImageJ	  was	  used	  to	  quantify	  band	  intensities	  and	  calculate	  the	  RNA	  half-­‐life.	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Figure	  4.11.	  SgrS-­‐dependent	  regulation	  of	  manY	  may	  not	  be	  entirely	  
conserved	  among	  enteric	  species.	  	  A)	  The	  E.	  coli	  Cp19-­‐62-­‐manY'-­‐'lacZ	  strain	  (JH316)	  carrying	  different	  SgrS	  orthologs	  was	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  4.1B.	  	  Abbreviations:	  K12,	  Escherichia	  coli	  K12;	  St,	  Salmonella	  
typhimurium;	  Yp,	  Yersinia	  pestis;	  Ecar,	  Erwinia	  carotovora;	  Kp,	  Klebsiella	  
pneumoniae.	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CHAPTER	  5	  
Identifying	  other	  members	  of	  the	  SgrS	  regulon	  (Work	  done	  with	  Richard	  W.	  Yemm)	  	  
5.1.	  	  Introduction	  In	  Chapters	  3	  and	  4	  we	  demonstrated	  that	  SgrS	  targets	  manX	  and	  manY	  sequences	  to	  repress	  translation	  of	  the	  polycistronic	  manXYZ	  mRNA.	  Many	  sRNAs	  regulate	  translation	  and/or	  stability	  of	  multiple	  genes.	  For	  example,	  the	  sRNA	  GcvB	  has	  more	  than	  20	  validated	  targets	  (130).	  Therefore,	  we	  set	  out	  to	  identify	  additional	  members	  of	  the	  SgrS	  regulon.	  Expanding	  the	  known	  SgrS	  regulon	  will	  serve	  several	  purposes.	  First,	  new	  mechanisms	  of	  sRNA-­‐mediated	  regulation	  may	  be	  revealed	  through	  additional	  SgrS-­‐target	  mRNA	  studies.	  Furthermore,	  defining	  a	  large	  SgrS	  target	  regulon	  will	  allow	  us	  to	  ask	  questions	  about	  how	  SgrS	  prioritizes	  and	  coordinates	  regulation	  of	  multiple	  targets,	  thereby	  establishing	  a	  regulatory	  hierarchy.	  Finally,	  and	  most	  importantly	  from	  the	  standpoint	  of	  bacterial	  physiology,	  elucidating	  the	  genes	  that	  are	  regulated	  by	  SgrS	  under	  glucose-­‐phosphate	  stress	  conditions	  will	  provide	  key	  insights	  into	  the	  cellular	  pathways	  affected	  by	  stress	  and	  the	  underlying	  nature	  of	  the	  stress.	  	   In	  this	  chapter	  we	  identify	  close	  to	  20	  potential	  candidates	  of	  the	  SgrS	  regulon,	  with	  almost	  an	  even	  split	  between	  potential	  positively-­‐	  vs.	  negatively-­‐regulated	  targets.	  Five	  candidates	  were	  picked	  for	  further	  validation	  using	  translational	  LacZ	  fusions.	  Of	  the	  five	  candidate	  transcripts,	  SgrS	  directly	  repressed	  two:	  asd	  and	  adiY,	  encoding	  proteins	  involved	  in	  amino	  acid	  metabolism.	  Further	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genetic	  tests	  demonstrate	  that	  distinct	  bases	  in	  the	  base	  pairing	  region	  of	  SgrS	  are	  important	  for	  regulation	  of	  both	  asd	  and	  adiY	  mRNAs.	  
	  
5.2.	  	  Results	  5.2.1.	  	  Identification	  of	  SgrS	  regulon	  candidates	  Microarray	  analysis	  was	  performed	  to	  identify	  novel	  candidates	  of	  the	  SgrS	  regulon.	  Plasmid-­‐borne	  sgrS	  was	  induced	  from	  the	  Plac	  heterologous	  promoter	  (Plac-­‐
sgrS)	  for	  5	  minutes.	  	  The	  transcriptomes	  of	  vector	  control	  and	  SgrS-­‐expressing	  cells	  were	  compared	  and	  genes	  that	  were	  up-­‐	  or	  down-­‐regulated	  were	  identified.	  Genes	  with	  a	  raw	  p-­‐value	  less	  than	  0.3	  and	  a	  fold-­‐change	  greater	  than	  +/-­‐	  2.0	  were	  considered	  candidate	  targets	  of	  SgrS.	  Almost	  20	  transcripts	  that	  met	  these	  criteria	  were	  identified	  (Table	  5.1).	  The	  ptsG	  mRNA	  was	  the	  most	  repressed	  transcript	  in	  cells	  expressing	  SgrS,	  displaying	  a	  15-­‐fold	  decrease	  in	  expression	  compared	  to	  control	  cells	  harboring	  the	  empty	  vector,	  while	  manX	  showed	  a	  2-­‐fold	  decrease	  in	  transcript	  levels.	  Additionally,	  yigL,	  a	  positively-­‐regulated	  target	  of	  SgrS	  (Papenfort	  et	  al.,	  unplublished	  data)	  exhibited	  a	  2-­‐fold	  increase	  in	  expression	  in	  the	  presence	  of	  SgrS.	  Five	  additional	  candidates	  were	  picked	  for	  further	  validation;	  adiY,	  asd,	  cusF,	  
flu	  and	  zraP.	  Both	  adiY	  and	  asd	  gene	  products	  are	  involved	  in	  amino	  acid	  metabolism;	  adiY	  encodes	  a	  DNA-­‐binding	  transcriptional	  activator	  of	  the	  arginine	  decarboxylase	  system	  (adi)(135)	  while	  asd	  encodes	  an	  aspartate	  semialdehyde	  dehydrogenase	  (11,	  17).	  CusF	  and	  ZraP	  are	  involved	  in	  metal	  ion	  uptake	  or	  homeostasis;	  cusF	  encodes	  a	  periplasmic	  copper	  binding	  protein	  (6)	  while	  zraP	  encodes	  a	  periplasmic	  zinc	  homeostasis	  protein,	  thought	  to	  increase	  zinc	  tolerance	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in	  cells	  (101).	  flu	  encodes	  a	  phase-­‐variable,	  biofilm	  formation	  autotransporter	  which	  is	  expressed	  on	  the	  outer	  membrane	  (49,	  50).	  	  
	  
	  
Table	  5.1.	  Candidates	  of	  the	  SgrS	  regulon	  identified	  by	  microarray	  analysis.	  (-­‐)	  indicates	  a	  Plac-­‐sgrS-­‐dependent	  decrease	  in	  mRNA	  levels	  and	  was	  calculated	  by	  comparing	  mRNA	  levels	  from	  empty	  vector/Plac-­‐sgrS;	  (+)	  indicates	  a	  Plac-­‐sgrS	  -­‐dependent	  increase	  in	  mRNA	  levels	  and	  was	  calculated	  by	  comparing	  mRNA	  levels	  from	  Plac-­‐sgrS/empty	  vector.	  
	  5.2.2.	  	  cusF,	  flu	  and	  zraP	  are	  not	  direct	  targets	  of	  SgrS	  The	  cusF,	  flu	  and	  zraP	  genes	  were	  tested	  for	  regulation	  by	  SgrS	  under	  αMG	  stress	  conditions.	  LacZ	  translational	  fusions	  were	  constructed	  at	  the	  native	  loci	  and	  analyzed	  for	  β-­‐galactosidase	  activity	  in	  the	  presence	  or	  absence	  of	  SgrS	  in	  wild-­‐type	  and	  ΔsgrS	  strains	  without	  or	  with	  αMG.	  Activities	  of	  all	  3	  fusions	  (cusFʹ′-­‐ʹ′lacZ,	  fluʹ′-­‐
ʹ′lacZ	  and	  zraPʹ′-­‐ʹ′lacZ)	  were	  regulated	  in	  the	  presence	  of	  αMG	  and	  SgrS	  (wild-­‐type)	  
Fold 
Change Gene Protein Product
E. coli 
Strain
Gene 
ID
-15.4 ptsG glucose-specific PTS system IIBC components MG1655 b1101
-4.8 c2225 hypothetical protein (non-coding strand of manYZ) CFT073 c2225
-3.2 Z2254 H repeat-containing Rhs element protein EDL933 Z2254
-3.2 ECs4472 hypothetical protein SAKAI ECs4472
-2.7 ybfD conserved protein EDL933 Z0856
-2.3 manX PTS system, mannose-specific IIAB component MG1655 b1817
-2.3 fimZ transcriptional regulator FimZ MG1655 b0535
-2.3 adiY putative ARAC-type DNA-binding transcriptional activator MG1655 b4116
-2.3 asd aspartate-semialdehyde dehydrogenase MG1655 b3433
-2.2 glpC sn-glycerol-3-phosphate dehydrogenase (anaerobic), small subunit MG1655 b2243
-2.2 ptsA fused predicted PTS enzymes: Hpr component/enzyme I component/enzyme IIA component MG1655 b3947
-2.1 --- IG between cysD and iap (2874353-2874603)
-2.0 yafU predicted inner membrane protein MG1655 b0218
2.0 cusF periplasmic copper-binding protein MG1655 b0573
2.2 flu CP4-44 prophage; antigen 43 (Ag43) phase-variable biofilm formation autotransporter MG1655 b2000
2.3 mglA galactose/methyl galaxtoside transporter ATP-binding protein MG1655 b2149
2.3 fepC iron-enterobactin transporter subunit MG1655 b0588
2.6 zraP Zn-binding periplasmic protein MG1655 b4002
2.8 sufA Fe-S cluster assembly protein MG1655 b1684
3.1 yigL putative sugar phosphatase MG1655 b3826
4.2 cusC copper/silver efflux system outer membrane protein CusC MG1655 b0572
	   106	  
(Table	  5.2).	  Both	  cusFʹ′-­‐ʹ′lacZ	  and	  fluʹ′-­‐ʹ′lacZ	  demonstrated	  	  ~1.3-­‐fold	  increased	  β-­‐galactosidase	  activity	  in	  sgrS+	  cells	  in	  the	  presence	  of	  αMG	  (Table	  5.2),	  which	  was	  consistent	  with	  the	  microarray	  results.	  These	  results	  which	  suggest	  that	  cusF	  and	  flu	  are	  upregulated	  by	  SgrS	  (Table	  5.1).	  Interestingly,	  zraPʹ′-­‐ʹ′lacZ	  displayed	  a	  19.3-­‐fold	  decrease	  in	  activity	  in	  sgrS+	  cells	  compared	  to	  ΔsgrS	  cells	  exposed	  to	  αMG.	  This	  result	  was	  opposite	  to	  the	  pattern	  of	  regulation	  observed	  in	  the	  microarray	  experiments,	  which	  showed	  zraP	  levels	  were	  increased	  in	  the	  presence	  of	  SgrS	  (Table	  5.1).	  Because	  these	  results	  were	  inconsistent	  (and	  multiple	  trials	  showed	  significant	  variations	  in	  basal	  levels	  of	  zraPʹ′-­‐ʹ′lacZ	  activity),	  zraP	  was	  not	  studied	  further.	  	   To	  determine	  whether	  cusF	  and	  flu	  were	  direct	  targets	  of	  SgrS,	  SgrS	  was	  expressed	  ectopically	  from	  a	  plasmid	  and	  β-­‐galactosidase	  activity	  of	  the	  corresponding	  fusions	  was	  monitored	  in	  the	  presence	  of	  induced	  Plac-­‐sgrS	  or	  empty	  vector.	  When	  SgrS	  was	  expressed	  under	  non-­‐stress	  conditions,	  it	  had	  no	  effect	  on	  
cusFʹ′-­‐ʹ′lacZ	  or	  fluʹ′-­‐ʹ′lacZ	  fusion	  activity	  (Table	  5.2),	  suggesting	  that	  SgrS	  itself	  is	  not	  responsible	  for	  modulating	  cusF	  or	  flu	  mRNA	  levels.	  It	  is	  possible	  that	  SgrS	  has	  an	  indirect	  effect	  on	  transcription	  of	  these	  genes	  under	  stress	  conditions.	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Table	  5.2.	  cusF,	  flu	  and	  zraP	  are	  indirect	  targets	  of	  SgrS	  regulation.	  	  5.2.3.	  	  SgrS	  post-­‐transcriptionally	  regulates	  adiY	  To	  test	  whether	  regulation	  of	  the	  putative	  aidY	  target	  by	  SgrS	  was	  occurring	  at	  the	  post-­‐transcriptional	  level,	  the	  inducible	  PBAD	  promoter	  was	  used	  to	  drive	  expression	  of	  the	  adiYʹ′-­‐ʹ′lacZ	  fusion	  (PBAD-­‐	  adiYʹ′-­‐ʹ′lacZ),	  thereby	  eliminating	  indirect	  effects	  due	  to	  transcriptional	  regulation	  (Fig.	  5.1A).	  Activity	  of	  PBAD-­‐	  adiYʹ′-­‐ʹ′lacZ	  was	  analyzed	  in	  the	  presence	  and	  absence	  of	  ectopically	  expressed	  sgrS.	  PBAD-­‐	  adiYʹ′-­‐ʹ′lacZ	  activity	  was	  17-­‐fold	  lower	  in	  the	  presence	  of	  SgrS	  compared	  to	  vector	  (Fig.	  5.1B)	  suggesting	  that	  SgrS	  regulates	  adiY	  at	  a	  post-­‐transcriptional	  level.	  In	  order	  to	  narrow	  down	  the	  region	  of	  adiY	  required	  for	  regulation	  by	  SgrS,	  the	  113nt	  5ʹ′	  UTR	  of	  the	  PBAD-­‐	  adiYʹ′-­‐ʹ′lacZ	  fusion	  was	  truncated	  by	  moving	  the	  PBAD	  promoter	  closer	  to	  the	  
adiY	  translational	  start	  site.	  A	  fusion	  containing	  25nt	  upstream	  of	  the	  adiY	  start	  site	  was	  constructed	  (denoted	  as	  PBAD-­‐25-­‐adiYʹ′-­‐ʹ′lacZ)	  (Fig.	  5.1A).	  Activity	  of	  the	  PBAD-­‐25-­‐
adiYʹ′-­‐ʹ′lacZ	  was	  monitored	  in	  the	  presence	  and	  absence	  of	  SgrS.	  This	  fusion	  displayed	  a	  partial	  deficiency	  in	  regulation	  compared	  to	  the	  full-­‐length	  PBAD-­‐adiYʹ′-­‐ʹ′lacZ;	  it	  was	  down	  regulated	  by	  only	  2-­‐fold	  when	  SgrS	  was	  present	  (Fig.	  5.1B).	  Therefore,	  it	  was	  concluded	  that	  the	  25nt	  5ʹ′	  UTR	  is	  not	  sufficient	  for	  maximum	  regulation	  by	  SgrS	  
Gene 
Array 
fold-change 
+sgrS / -sgrS 
!-galactosidase Activity !-galactosidase Activity 
Wild-type "sgrS Fold-change wt / "sgrS Plac-sgrS Vector 
Fold-change 
sgrS+ / Vector 
cusF + 2.0 24.7 19.6 + 1.3 24.1 23.6 + 1.0 
flu + 2.2 1070 797 + 1.3 96.4 110 - 0.9 
zraP + 2.6 4.6 89.6 - 19.5 ND ND ND 
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suggesting	  bases	  farther	  upstream	  influence	  regulation.	  	  A	  portion	  of	  the	  adiY	  sequence	  was	  truncated	  from	  the	  3ʹ′	  end	  to	  determine	  whether	  the	  adiY	  coding	  sequence	  was	  required	  for	  regulation	  by	  SgrS	  (Fig.	  5.1A).	  PBAD-­‐adiY24ʹ′-­‐ʹ′lacZ,	  containing	  only	  the	  first	  7	  codons	  (24nt)	  of	  adiY,	  was	  analyzed	  for	  β-­‐galactosidase	  activity	  in	  the	  presence	  of	  ectopically	  expressed	  SgrS.	  PBAD-­‐adiY24ʹ′-­‐ʹ′lacZ	  activity	  was	  repressed	  by	  28-­‐fold	  in	  the	  presence	  of	  SgrS	  compared	  to	  empty	  vector	  (Fig.	  5.1B),	  suggesting	  the	  8th-­‐14th	  codons	  of	  adiY	  are	  not	  required	  for	  SgrS	  repression.	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Figure	  5.1.	  adiY	  translation	  is	  repressed	  in	  an	  SgrS-­‐dependent	  manner.	  A)	  Chromosomal	  lacZ	  translational	  fusions	  were	  constructed	  at	  the	  lac	  locus.	  The	  native	  promoter	  of	  adiY	  was	  replaced	  with	  the	  PBAD	  promoter	  25nt	  upstream	  of	  the	  
adiY	  start	  codon,	  thereby	  deleting	  88nt	  of	  the	  adiY	  5ʹ′	  UTR	  (PBAD-­‐25-­‐adiY'-­‐'lacZ).	  B)	  PBAD-­‐adiY'-­‐'lacZ	  (RY121),	  PBAD-­‐25-­‐adiY'-­‐'lacZ	  (RY127)	  and	  PBAD-­‐adiY24'-­‐'lacZ	  (RY128)	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  were	  grown	  to	  early	  log	  phase	  and	  0.1	  mM	  IPTG	  was	  added.	  	  Samples	  were	  harvested	  60	  min	  after	  IPTG	  addition	  and	  assayed	  for	  β-­‐galactosidase	  activity.	  	  Specific	  activities	  were	  normalized	  to	  the	  levels	  in	  the	  empty	  vector	  strain	  to	  yield	  %	  relative	  activity	  (reported	  in	  the	  graph).	  	  Specific	  activity	  values	  in	  Miller	  Units	  are	  reported	  below	  the	  graph.	  	   Given	  that	  the	  region	  contained	  in	  the	  PBAD-­‐25-­‐adiYʹ′-­‐ʹ′lacZ	  was	  not	  sufficient	  for	  wild-­‐type	  regulation	  by	  SgrS	  (Fig.	  5.1B),	  potential	  base	  pairing	  interactions	  between	  SgrS	  and	  the	  adiY	  sequence	  contained	  in	  the	  PBAD-­‐adiY24ʹ′-­‐ʹ′lacZ	  fusion	  were	  examined.	  A	  region	  of	  complementarity	  between	  sequences	  surrounding	  the	  adiY	  ribosome	  binding	  site	  and	  the	  3ʹ′	  region	  of	  SgrS	  was	  identified	  (Fig.	  5.2A).	  To	  test	  this	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base	  pairing	  prediction,	  wild-­‐type	  and	  mutant	  alleles	  of	  SgrS	  were	  analyzed	  for	  regulation	  of	  wild-­‐type	  and	  compensatory	  mutant	  PBAD-­‐adiYʹ′-­‐ʹ′lacZ	  fusions.	  Mutant	  SgrS	  alleles	  contained	  either	  G176C,	  G178C	  (sgrS1),	  A173T,	  C174G	  (sgrS24)	  or	  G168A	  (sgrS26).	  The	  predicted	  structures	  of	  all	  SgrS	  mutants	  were	  identical	  of	  that	  of	  wild-­‐type	  SgrS	  (Chapter	  3).	  According	  to	  the	  base	  pairing	  predictions,	  SgrS26	  was	  expected	  be	  functional	  in	  regulation	  of	  PBAD-­‐adiYʹ′-­‐ʹ′lacZ	  because	  a	  G-­‐U	  base	  pair	  was	  switched	  to	  an	  A-­‐U	  base	  pair	  (Fig.	  5.2A).	  In	  contrast,	  SgrS1	  and	  SgrS24	  were	  predicted	  to	  be	  defective	  in	  regulation.	  As	  expected,	  SgrS26	  regulated	  PBAD-­‐adiYʹ′-­‐
ʹ′lacZ	  similar	  to	  wild-­‐type	  (greater	  than	  90%	  repression),	  while	  SgrS1	  and	  SgrS24	  were	  defective	  in	  regulating	  PBAD-­‐adiYʹ′-­‐ʹ′lacZ	  (approximately	  20%	  and	  40%	  repression,	  respectively)	  (Fig.	  5.2B).	  These	  results	  are	  consistent	  with	  the	  base	  pairing	  predictions	  pictured	  in	  Fig.	  5.2A.	  To	  further	  confirm	  direct	  base	  pairing	  between	  SgrS	  and	  adiY,	  compensatory	  mutations	  in	  adiY	  (C-­‐15G,	  C-­‐13G	  denoted	  S1),	  which	  should	  restore	  base	  pairing	  with	  SgrS1	  and	  disrupt	  pairing	  with	  wild-­‐type	  SgrS,	  were	  constructed	  in	  the	  context	  of	  the	  PBAD-­‐25-­‐adiYʹ′-­‐ʹ′lacZ	  reporter	  fusion	  (designated	  PBAD-­‐25-­‐adiYS1ʹ′-­‐ʹ′lacZ).	  While	  PBAD-­‐25-­‐adiYS1ʹ′-­‐ʹ′lacZ	  was	  not	  regulated	  by	  wild-­‐type	  SgrS,	  the	  compensatory	  SgrS1	  allele	  failed	  to	  restore	  PBAD-­‐25-­‐adiYS1ʹ′-­‐ʹ′lacZ	  regulation	  to	  wild-­‐type	  levels	  (Fig.	  5.2C).	  We	  currently	  cannot	  explain	  why	  the	  compensatory	  mutations	  do	  not	  fully	  reconstitute	  a	  wild-­‐type	  level	  of	  regulation.	  One	  possibility	  is	  that	  the	  base	  pairing	  predictions	  are	  incorrect.	  Alternatively,	  the	  mutations	  in	  adiY	  may	  alter	  the	  mRNA	  structure	  in	  such	  a	  way	  that	  disrupts	  regulation	  by	  SgrS.	  In	  any	  case,	  it	  is	  apparent	  that	  bases	  	  C-­‐15	  and	  C-­‐13	  of	  adiY	  are	  important	  for	  SgrS	  regulation.	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The	  reverse	  approach	  was	  taken	  to	  investigate	  the	  importance	  of	  the	  base	  pairing	  region	  downstream	  of	  the	  adiY	  RBS;	  a	  mutation	  in	  adiY	  was	  constructed	  that	  was	  predicted	  to	  abrogate	  pairing	  with	  Sgr26	  (denoted	  PBAD-­‐25-­‐adiYDISʹ′-­‐ʹ′lacZ)	  and	  restore	  pairing	  with	  wild-­‐type	  SgrS.	  As	  hypothesized,	  PBAD-­‐25-­‐adiYDISʹ′-­‐ʹ′lacZ	  was	  partially	  repressed	  by	  wild-­‐type	  SgrS	  (30%),	  however,	  SgrS26	  displayed	  a	  greater	  repression	  of	  PBAD-­‐25-­‐adiYDISʹ′-­‐ʹ′lacZ	  activity	  compared	  to	  wild-­‐type	  SgrS	  (45%).	  Together	  these	  results	  suggest	  that	  the	  predicted	  base	  pairing	  downstream	  of	  the	  
adiY	  RBS	  does	  not	  occur.	  
	  
Figure	  5.2.	  	  Distinct	  bases	  in	  SgrS	  are	  required	  for	  adiY	  regulation.	  	  A)	  Alignment	  of	  adiY	  and	  SgrS	  RNA	  sequences	  shows	  complementarity	  between	  sequences	  overlapping	  the	  adiY	  RBS	  and	  the	  3'	  region	  of	  SgrS.	  	  Pairing	  supported	  by	  experimental	  analysis	  is	  indicated	  by	  vertical	  lines.	  The	  adiY	  RBS	  is	  denoted	  by	  a	  solid	  line;	  the	  adiY	  start	  codon	  is	  bolded;	  the	  regions	  of	  SgrS	  involved	  in	  ptsG	  or	  
manX	  pairing	  are	  bracketed.	  The	  boxed	  region	  highlights	  bases	  mutated	  to	  test	  base	  pairing.	  	  B)	  A	  PBAD-­‐adiY-­‐'lacZ	  (RY122)	  strain	  carrying	  an	  empty	  vector,	  Plac-­‐sgrS,	  Plac-­‐
sgrS1,	  Plac-­‐sgrS24	  or	  Plac-­‐sgrS26	  was	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  5.1B.	  C)	  PBAD-­‐25adiY-­‐'lacZ	  (RY127),	  PBAD-­‐25adiYS1-­‐'lacZ	  (RY134)	  and	  PBAD-­‐25adiYDIS-­‐'lacZ	  (RY136	  containing	  a	  T-­‐3C	  mutation)	  strains	  carrying	  an	  empty	  vector,	  Plac-­‐sgrS,	  Plac-­‐sgrS1,	  Plac-­‐sgrS24	  or	  Plac-­‐sgrS26	  were	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  5.1B.	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5.2.4.	  	  SgrS	  post-­‐transcriptionally	  regulates	  asd	  An	  analogous	  experimental	  approach	  was	  taken	  to	  investigate	  SgrS	  regulation	  of	  asd.	  	  A	  PBAD-­‐	  asdʹ′-­‐ʹ′lacZ	  translational	  fusion	  was	  constructed	  at	  the	  lac	  locus	  and	  its	  activity	  was	  analyzed	  in	  the	  presence	  and	  absence	  of	  induced	  Plac-­‐sgrS.	  PBAD-­‐	  asdʹ′-­‐ʹ′lacZ	  activity	  was	  ~	  5-­‐fold	  lower	  in	  the	  presence	  of	  SgrS	  compared	  to	  the	  empty	  vector	  control	  (Fig.	  5.3B),	  suggesting	  that	  SgrS	  post-­‐transcriptionally	  regulates	  asd.	  Truncations	  of	  the	  5ʹ′	  UTR	  were	  constructed	  to	  narrow	  down	  the	  region	  of	  asd	  required	  for	  regulation	  by	  SgrS	  (Fig.	  5.3A).	  Thirty-­‐six	  nt	  of	  the	  PBAD-­‐
asdʹ′-­‐ʹ′lacZ	  fusion	  was	  truncated	  by	  moving	  the	  PBAD	  promoter	  closer	  to	  the	  asd	  translational	  start	  site	  to	  generate	  PBAD-­‐25-­‐asdYʹ′-­‐ʹ′lacZ.	  Activity	  of	  the	  PBAD-­‐25-­‐asdʹ′-­‐
ʹ′lacZ	  was	  monitored	  in	  the	  presence	  and	  absence	  of	  SgrS.	  Plac-­‐sgrS	  was	  deficient	  in	  regulating	  activity	  of	  PBAD-­‐25-­‐asdʹ′-­‐ʹ′lacZ	  (Fig.	  5.3B)	  suggesting	  that	  bases	  within	  61nt	  to	  25nt	  region	  of	  the	  5ʹ′	  UTR	  are	  required	  for	  regulation	  by	  SgrS.	  To	  confirm	  bases	  downstream	  of	  the	  asd	  initiation	  codon	  were	  not	  involved	  in	  SgrS	  regulation,	  the	  asd	  sequence	  was	  truncated	  from	  the	  3ʹ′	  end.	  PBAD-­‐asd24ʹ′-­‐ʹ′lacZ,	  containing	  only	  the	  first	  7	  codons	  (24nt)	  of	  asd	  (Fig.	  5.3A),	  was	  analyzed	  for	  β-­‐galactosidase	  activity	  in	  the	  presence	  of	  and	  absence	  of	  SgrS.	  PBAD-­‐asd24ʹ′-­‐ʹ′lacZ	  activity	  was	  repressed	  to	  wild-­‐type	  levels	  (~5-­‐fold)	  in	  the	  presence	  of	  SgrS	  compared	  to	  the	  empty	  vector	  control	  (Fig.	  5.3B),	  suggesting	  that	  the	  8th-­‐14th	  codons	  of	  asd	  are	  not	  required	  for	  SgrS	  regulation.	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Figure	  5.3.	  asd	  translation	  is	  repressed	  in	  an	  SgrS-­‐dependent	  manner.	  A)	  Chromosomal	  lacZ	  translational	  fusions	  were	  constructed	  at	  the	  lac	  locus.	  The	  native	  promoter	  of	  asd	  was	  replaced	  with	  the	  PBAD	  promoter	  25nt	  upstream	  of	  the	  
asd	  start	  codon,	  thereby	  deleting	  36nt	  of	  the	  asd	  5ʹ′	  UTR	  (25asd'-­‐'lacZ).	  B)	  PBAD-­‐asd'-­‐
'lacZ	  (RY122),	  PBAD-­‐25asd'-­‐'lacZ	  (RY129)	  and	  PBAD-­‐asd24'-­‐'lacZ	  (RY130)	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  were	  grown	  to	  early	  log	  phase	  and	  0.1	  mM	  IPTG	  was	  added.	  	  Samples	  were	  harvested	  60	  min	  after	  IPTG	  addition	  and	  assayed	  for	  β-­‐galactosidase	  as	  described	  in	  Fig.	  5.1B.	  	   The	  insensitivity	  of	  PBAD-­‐25-­‐asdʹ′-­‐ʹ′lacZ	  to	  SgrS	  that	  implied	  regulation	  is	  occurring	  between	  61nt	  and	  25nt	  of	  the	  5ʹ′	  UTR.	  Therefore,	  complementarity	  between	  SgrS	  and	  the	  corresponding	  region	  of	  asd	  was	  investigated.	  A	  potential	  base	  pairing	  interaction	  was	  identified	  surrounding	  the	  25th	  nt	  and	  the	  asd	  ribosome	  binding	  site	  and	  the	  3ʹ′	  region	  of	  SgrS	  (Fig.	  5.4A).	  To	  test	  this	  base	  pairing	  prediction,	  wild-­‐type	  and	  mutant	  alleles	  of	  SgrS	  were	  analyzed	  for	  regulation	  of	  PBAD-­‐asdʹ′-­‐ʹ′lacZ	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activity.	  Mutant	  SgrS	  alleles	  contained	  either	  G176C,	  G178C	  (sgrS1),	  A173T,	  C174G	  (sgrS24)	  or	  G168A	  (sgrS26).	  The	  predicted	  structures	  of	  all	  SgrS	  mutants	  were	  identical	  to	  that	  of	  wild-­‐type	  SgrS	  (Chapter	  3).	  Wild-­‐type	  SgrS	  and	  SgrS1	  regulated	  PBAD-­‐asdʹ′-­‐ʹ′lacZ	  to	  the	  same	  extent	  (approximately	  80%	  repression)	  (Fig.	  5.4B),	  while	  SgrS26	  was	  possibly	  more	  efficient	  at	  repression	  of	  PBAD-­‐asdʹ′-­‐ʹ′lacZ	  activity	  (~90%).	  In	  contrast,	  SgrS24	  was	  partially	  defective	  in	  regulating	  PBAD-­‐asdʹ′-­‐ʹ′lacZ	  (~40%).	  These	  results	  suggest	  that	  bases	  A173,	  C174	  in	  the	  5ʹ′	  UTR	  are	  important	  for	  SgrS	  regulation	  of	  asd	  but	  imply	  that	  the	  upstream	  base	  pairing	  interactions	  in	  Fig.	  5.4A	  may	  not	  occur.	  
	  
Figure	  5.4.	  	  Distinct	  bases	  in	  SgrS	  are	  required	  for	  asd	  regulation.	  	  A)	  Alignment	  of	  asd	  and	  SgrS	  RNA	  sequences	  shows	  complementarity	  between	  sequences	  overlapping	  the	  adiY	  RBS	  and	  the	  3'	  region	  of	  SgrS.	  The	  adiY	  RBS	  is	  denoted	  by	  a	  solid	  line;	  the	  adiY	  start	  codon	  is	  bolded;	  the	  regions	  of	  SgrS	  involved	  in	  ptsG	  or	  
manX	  pairing	  are	  bracketed.	  The	  boxed	  region	  highlights	  bases	  mutated	  to	  test	  base	  pairing.	  	  B)	  A	  PBAD-­‐asdY-­‐'lacZ	  (RY122)	  strain	  carrying	  an	  empty	  vector,	  Plac-­‐sgrS,	  Plac-­‐
sgrS1,	  Plac-­‐sgrS24	  or	  Plac-­‐sgrS26	  was	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  5.1B.	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5.3.	  	  Discussion	  Our	  lab	  has	  conclusively	  demonstrated	  that	  SgrS	  regulates	  two	  mRNA	  targets:	  ptsG	  and	  manXYZ	  through	  three	  distinct	  base	  pairing	  interactions.	  Each	  SgrS-­‐mRNA	  interaction	  is	  unique	  in	  that	  each	  involve	  distinct	  bases	  of	  SgrS	  and	  different	  locations	  on	  the	  mRNAs.	  The	  two	  are	  similar	  in	  that	  the	  interactions	  lead	  to	  post-­‐transcriptional	  repression	  and	  mRNA	  destabilization	  resulting	  in	  potential	  relief	  from	  glucose-­‐phosphate	  stress	  by	  reducing	  uptake	  of	  stress-­‐inducing	  sugars	  ((60,	  143)	  and	  Chapters	  3	  and	  4).	  	   Microarray	  analysis	  identified	  approximately	  20	  other	  candidates	  of	  SgrS	  regulation.	  Out	  of	  the	  five	  that	  were	  tested,	  only	  two	  were	  validated	  as	  likely	  direct	  targets	  of	  SgrS:	  asd	  and	  adiY	  mRNAs.	  Unfortunately,	  genetic	  validation	  of	  predicted	  base	  pairing	  was	  not	  conclusive.	  Distinct	  bases	  of	  SgrS	  were	  shown	  to	  be	  important	  for	  regulation	  of	  both	  adiY	  and	  asd.	  For	  adiY,	  SgrS	  mutational	  analysis	  was	  consistent	  with	  predicted	  base	  pairing	  interactions	  but	  compensatory	  mutations	  failed	  to	  validate	  the	  predictions	  (Fig.	  5.2).	  Compensatory	  mutations	  have	  failed	  to	  validate	  base	  pairing	  in	  other	  studies	  (29,	  44,	  80)	  and	  researchers	  have	  resorted	  to	  other	  methods	  to	  validate	  direct	  interactions.	  Therefore,	  we	  cannot	  say	  whether	  the	  base	  pairing	  predicted	  in	  Fig.	  5.2A	  is	  valid	  until	  further	  analysis	  has	  been	  performed.	  	  Analysis	  of	  asd	  translational	  regulation	  by	  SgrS	  mutant	  alleles	  suggested	  that	  base	  pairing	  predictions	  made	  in	  Fig.	  5.4A	  were	  not	  accurate.	  Additional	  base	  pairing	  predictions	  will	  need	  to	  be	  tested	  before	  determining	  the	  mechanism	  of	  regulation	  of	  asd	  by	  SgrS.	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CHAPTER	  6	  
Conclusions	  and	  future	  directions	  
	   SgrS	  is	  one	  of	  the	  best-­‐studied	  Hfq-­‐dependent	  bacterial	  small	  RNAs.	  	  SgrS	  is	  best	  known	  as	  the	  defining	  example	  of	  a	  dual-­‐function	  sRNA	  that	  post-­‐transcriptionally	  regulates	  its	  target	  mRNAs	  by	  base	  pairing	  and	  also	  acts	  as	  an	  mRNA	  to	  encode	  a	  small	  peptide,	  SgrT	  (142,	  147,	  151).	  This	  work	  has	  elucidated	  that	  the	  uniqueness	  of	  SgrS	  extends	  to	  its	  base	  pairing	  capabilities,	  as	  well.	  We	  have	  shown	  that	  SgrS	  regulates	  multiple	  targets	  and	  does	  so	  through	  distinct	  interactions	  (Chapters	  3,	  4	  and	  5),	  while	  many	  Hfq-­‐dependent	  sRNAs	  have	  very	  short,	  well	  conserved	  base	  pairing	  regions	  and	  use	  the	  same	  residues	  to	  regulate	  all	  targets	  (108,	  151).	  Furthermore,	  we	  have	  identified	  a	  novel	  bacterial	  sRNA	  mechanism	  that	  SgrS	  employs	  to	  regulate	  the	  polycistronic	  manXYZ	  mRNA	  (Chapter	  4).	  	  In	  this	  dissertation	  I	  have	  demonstrated	  that	  SgrS	  regulates	  the	  translation	  of	  all	  of	  the	  three	  genes	  in	  the	  manXYZ	  operon.	  It	  does	  so	  by	  base	  pairing	  with	  sequences	  in	  the	  manX	  coding	  region	  (Chapter	  3)	  and	  upstream	  of	  manY	  in	  the	  
manX-­‐manY	  intergenic	  region	  (Chapter	  4).	  	  Base	  pairing	  at	  both	  sites	  prevents	  translation	  in	  a	  manner	  independent	  of	  manXYZ	  mRNA	  stablity.	  However,	  base	  pairing	  at	  both	  sites	  facilitates	  degradation	  of	  the	  entire	  manXYZ	  message	  in	  a	  degradosome-­‐dependent	  manner	  (Chapter	  4).	  SgrS	  regulation	  of	  manXYZ	  is	  thought	  to	  reduce	  sugar-­‐phosphate	  stress	  by	  reducing	  uptake	  of	  stress-­‐inducing	  sugar	  analogs	  (Chapter	  3).	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The	  SgrS-­‐manXYZ	  regulatory	  mechanism	  represents	  the	  first	  demonstration	  of	  a	  bacterial	  sRNA	  binding	  at	  two	  distinct	  sites	  in	  an	  operonic	  mRNA,	  a	  mechanism	  that	  is	  reminiscent	  of	  the	  eukaryotic	  miRNA,	  Lin-­‐4	  (67,	  153).	  In	  contrast	  to	  bacterial	  sRNAs,	  eukaryotic	  miRNAs	  often	  bind	  to	  the	  3	  UTRs	  of	  mRNAs	  and	  use	  base	  pairing	  to	  recruit	  additional	  factors	  that	  repress	  translation	  (147).	  Recently	  it	  was	  shown	  that	  SgrS	  base	  pairing	  to	  ptsG	  is	  sufficient	  to	  prevent	  translation	  in	  vitro	  in	  the	  absence	  of	  additional	  factors	  like	  RNase	  E	  and	  Hfq	  (82).	  This	  is	  likely	  due	  to	  steric	  hindrance	  of	  the	  ribosome	  by	  SgrS	  base	  pairing	  to	  sequences	  overlapping	  the	  RBS	  (82).	  Interestingly,	  SgrS	  pairs	  with	  manX	  in	  the	  coding	  sequence	  (Chapter	  3).	  This	  pairing	  may	  occur	  too	  far	  downstream	  of	  the	  RBS	  to	  directly	  occlude	  ribosome	  binding.	  Likewise,	  SgrS-­‐manY	  pairing	  occurs	  slightly	  upstream	  of	  the	  predicted	  ribosome	  footprint,	  and	  therefore	  might	  also	  not	  be	  able	  to	  occlude	  ribosome	  binding.	  It	  will	  be	  important	  to	  determine	  whether	  SgrS-­‐manX	  or	  SgrS-­‐manY	  pairing	  is	  sufficient	  to	  occlude	  the	  ribosome	  or	  if	  the	  interactions	  recruit	  other	  factors	  (for	  example	  through	  Hfq)	  to	  repress	  translation.	  SgrS	  likely	  regulates	  a	  larger	  regulon	  than	  initially	  anticipated.	  Microarray	  analysis	  suggests	  that	  the	  SgrS	  regulon	  could	  contain	  upwards	  of	  20	  unique	  genes,	  some	  of	  which	  have	  unknown	  functions.	  Further	  validation	  of	  these	  targets	  should	  shed	  light	  on	  the	  nature	  of	  glucose-­‐phosphate	  stress.	  Evidence	  presented	  in	  this	  dissertation	  suggests	  that	  SgrS	  regulation	  of	  certain	  target	  genes	  may	  be	  more	  or	  less	  important	  depending	  on	  the	  stressor.	  Though	  the	  glucose	  analog	  αMG	  is	  typically	  used	  to	  induce	  stress	  conditions	  (62,	  143),	  we	  showed	  in	  Chapter	  3	  that	  
sgrS	  expression	  is	  also	  induced	  in	  response	  to	  2DG	  uptake.	  Furthermore,	  under	  2DG	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stress	  conditions,	  regulation	  of	  manXYZ	  is	  physiologically	  more	  relevant	  than	  ptsG	  regulation	  due	  to	  the	  fact	  that	  manXYZ	  transports	  2DG	  while	  ptsG	  does	  not	  (Chapter	  3).	  These	  results	  highlight	  the	  possibility	  that	  there	  may	  be	  additional	  stress	  conditions	  we	  are	  not	  aware	  of	  where	  SgrS	  would	  need	  to	  regulate	  other	  genes,	  i.e.	  when	  ptsG	  and	  manXYZ	  are	  not	  transporting	  molecules	  causing	  the	  stress.	  	  Conservation	  of	  the	  SgrS	  regulon	  may	  also	  emphasize	  important	  players	  in	  the	  stress	  response.	  While	  the	  SgrS-­‐ptsG	  mRNA	  interaction	  is	  conserved	  among	  different	  enteric	  species	  (52,	  146),	  we	  showed	  in	  this	  work	  that	  the	  SgrS-­‐manX	  and	  SgrS-­‐manY	  interactions	  are	  not	  (Chapters	  3	  and	  	  4).	  Interestingly,	  however,	  manX	  and	  manY	  regulation	  appear	  to	  be	  conserved	  together	  (Chapters	  3	  and	  4),	  suggesting	  that	  binding	  at	  both	  cistrons	  is	  important	  for	  regulation	  of	  the	  full	  polycistronic	  manXYZ	  transcript.	  Nevertheless,	  the	  differences	  in	  conservation	  of	  
ptsG	  vs.	  manXYZ	  regulation	  might	  indicate	  that	  the	  nature	  of	  the	  stress	  is	  different	  in	  different	  organisms,	  or	  simply	  that	  some	  organisms	  encounter	  different	  stressors.	  Throughout	  our	  investigation	  we	  also	  discovered	  that	  the	  SgrS	  structure	  seems	  to	  play	  an	  important	  role	  in	  SgrS	  activity	  (Chapter	  3	  and	  Appendix).	  It	  would	  be	  interesting	  to	  analyze	  how	  the	  size	  of	  the	  SgrS	  molecule	  may	  influence	  the	  ability	  to	  hinder	  the	  ribosome	  from	  binding	  or	  the	  additional	  sequences	  of	  SgrS	  are	  able	  to	  form	  interactions	  with	  proteins	  other	  than	  Hfq.	  Overall,	  we	  learned	  that	  sRNA	  structure	  plays	  a	  fundamental	  role	  sRNA	  function	  and	  therefore	  it	  can	  not	  be	  overlooked	  in	  future	  sRNA-­‐mRNA	  analyses.	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Deeper	  investigation	  into	  the	  SgrS	  regulon	  will	  reveal	  important	  information	  about	  the	  nature	  of	  glucose-­‐phosphate	  stress	  and	  further	  elucidate	  the	  diversity	  of	  SgrS	  (and	  sRNAs	  in	  general)	  in	  its	  mechanistic	  regulation	  of	  multiple	  mRNA	  targets.	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APPENDIX	  
	  
	  
Figure	  A.1.	  SgrX.	  Overexpression	  of	  an	  SgrT-­‐like	  (43aa	  protein,	  conserved	  near	  carbon	  metabolism	  proteins)	  causes	  growth	  inhibition	  on	  minimal	  acetate	  and	  succinate.	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Figure	  A.2.	  manX	  phenotypes.	  Mutation	  of	  a	  rare	  codon	  to	  a	  high	  frequency	  codon	  (ATA	  à	  CCA),	  upstream	  of	  the	  manX-­‐SgrS	  pairing	  site,	  lowers	  translational	  activity.	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Figure	  A.3.	  SgrS	  mutants.	  Mutations	  that	  disrupt	  SgrS	  structure	  confer	  differential	  translational	  regulation	  between	  ptsG	  and	  manX.	  A)	  Predicted	  base	  pairing	  between	  
manX	  mRNA	  and	  SgrS.	  	  Pairing	  confirmed	  by	  footprinting	  and	  genetic	  analyses	  is	  indicated	  by	  vertical	  lines	  and	  pairing	  predicted	  but	  not	  experimentally	  supported	  is	  indicated	  by	  asterisks.	  	  The	  manX	  RBS	  is	  denoted	  by	  a	  line	  above	  the	  sequence;	  the	  
manX	  start	  codon	  is	  underlined;	  half	  of	  the	  inverted	  repeat	  of	  the	  SgrS	  terminator	  is	  denoted	  by	  the	  long	  arrow	  below	  the	  sequence.	  	  The	  highlight	  were	  identified	  in	  the	  SgrS	  random	  mutagenesis	  analysis	  and	  further	  tested	  for	  involvement	  in	  base	  pairing	  with	  manX.	  	  B)	  manX'-­‐'lacZ	  (JH116)	  and	  ptsG'-­‐'lacZ	  (JH171)	  strains	  carrying	  an	  empty	  vector	  or	  Plac-­‐sgrS	  or	  Plac-­‐sgrS	  mutant	  were	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  3.1C.	  	  C)	  manX'-­‐'lacZ	  (JH116)	  or	  manX'-­‐'lacZ	  containing	  compensatory	  mutations	  (manXT124G	  JH225,	  manXC126G	  JH226	  manXC126A	  JH213,	  
manXT127A	  JH214	  and	  manXA142C	  JH215)	  and	  an	  empty	  vector,	  Plac-­‐sgrS	  or	  Plac-­‐sgrS	  mutants	  were	  analyzed	  for	  β-­‐galactosidase	  activity	  as	  described	  in	  Fig.	  3.1C.	  D)	  Mfold	  prediction	  of	  wild-­‐type	  SgrS	  3'	  end	  structure.	  Isolated	  sgrS	  mutations	  are	  circled	  in	  red.	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